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PEEFACE 


Concise statements of tlie ways in which, certain aspects of climate 
differ from place to place are given in some texts and treatises dealing 
with meteorology and climatology. Similar brief statements of how 
nature acts have been helpful in advancing; many other sciences. These 
“laws”, as they have been termed,, call attention to what is known, and 
often reveal the inadequacies of current knowledge. An attempt is hero 
made to state, explain and illustrate what inf lieu of a better short title, 
may be called ^^the laws of climate.’^ Many of these are obviously not 
atricitly analogous to some of the laws of the more exact iscienees, but the 
term “law of nature” is not applied merely to precise quantitatively 
demonstrable laws. The aim of this treatise is to point out and explain 
tltose relations which correspond, in so far as the nature of the subject 
permits, to ;the laws of other sciences. Like those laws, these relations 
are subject to frequent modification, and seldom do they operate in a 
dominating way. However, neither do many laws of physics, for exam- 
ple, operate except under restricted conditions of temperature, pressure, 
purity of substance, etc. 

Many of the laws here given have been expressed or implied in one or 
more of the treatisee or text® consulted*- or in technical papers. Hann 
has formulated more than any other author but Davis and Waldo have 
each offered several climate generalizations, land many other writers one 
or two each. A number of the laws of this treatise seem not to have 
been concisely stated in print, however, and many have not been fully 
explained. Tn order to have fewer omissionls and more accurate and 

1 Meteorologiesz Davis (1894), BasseU (189-5), Waldo (1894) (1896), M^^ore, J. 
(1894, 1910), Moore, W. Ii. (1910), Millisuri (1912), Hann, Lehibuoli der Meteor- 
ologie, Sa ed. (1915) ; McAdie (1917), National Beseardi Council (1918), Shaw, 
Mcmual of Meteorology, pt. IT (1919; Lempfert (1920), HnmphreyB, Physies of 
the Air (1920). Physiographies: Salisbury (1907, 1919), Taxr-Martin (1914). Mis- 
celUmeous: Ward, Climate (1908, 1918); Hann; Eandboole of Climatology 
Huntington, The Climatio Faotor (1914); Henry and others, Weather Forecastm^i 
in the 77. S. (1916) ; Salisbury, Barrows andl Tower, Flemients ef Chography (1912) ; 
Shaw and others^ Meteorological Glossary (1918); Ferrel, PopwZor Treatise of WwAs 
(1889); Shaw, Weather Forecasting (1911, 1919); Taylor, Australian Meteorology 
(1926). Physios: Ganot (1905), Watson (1899), Crew (1909), Eimball (1917), 
PayntiBg-Thompeon (1911). 
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clearer statements of these laws and their causes, criticisms were ob- 
tained from a number of persons. Grateful acknowledgment is here 
made to all who have so generously aissisted in making this study more 
worth while.* 

A summary of the incompleted study was published in the J ounial 
of Geography, VoL XX, pp. 252-264, Oct. 1921, and in The Geograph- 
ical Teacher (London) Vol. XI, pp. 45-51, summer 1921. The Laws 
of Temperature, Winds and Moisture were published in The An!ii.aJs of 
the Association of American Geographers, Vol. XIII, pp. 15-40, 169- 
207, March and December 1923. 

The author hopes that this little volume will make it somewhat less 
difiSlcult for students of climate to obtain an understanding of this im- 
portant subject. If, in addition, this attempt to formulate the laws of 
climate leads to fuller knowledge of climate and of the geographic en- 
vironment of man, he will be doubly pleased. 

Bloomington, Ind., February 20, 1924. 

S. S. V. 

*C. F. Broois, dark University; E. M. Brown, R. 1. College for Teachers; C. C. 
Colby, Unirer^ty of Chicago; E. B. Cmnings, Indiana University; William Morris 
Davis, Harvard University; P. 0. Day, U. S.. Weather Bureau; B. E. Dodge, Storrs, 
Conn.; 0. B. Dryer, Fort Wayne, Ind.; J. Paul Coode, University of Chicago; A. J. 
Henry, U. S. Weather Bureau; T. C. HopMns, Syracuse University; W. J. Humph- 
reys, U. S- Weather Bureau; E. Huntington, Yale University; M. M. Deighton, 
University -of Illinois; B, E.. Invingston, Johns Hopkins University; W. N. Logan 
and C. A. Malott, Indiana University; A. MeAdie, Blue Hill Observatory; W. I. 
Milham, Williams College; 0-. J. Miller, Teachei’s College, Mankato, Minn.; A. E. 
Parkins, George Peahodyi College for Teachers; T. T. Quirke, University of Illinois; 
B. D. Salisbury, Universily of Chicago; 0. O. Sauter, University of Michigan; H. E. 
Simpson, University of Hoxth Dakota; J. Warren Smith, U. S. Weather Bureau; 
E. Van Cleef, Ohio State University; O. D. von Engeln, Cornell University; B. DeC. 
Ward, Harvard University; C. M. Zierer, Indiana University. 

Drs, Brooks, Huntington and Humphreys have been especially helpful as to con- 
tent and Drs. Salisbury, Malott and Zierer as to form. 


6 



CONTENTS Page 

I. Introductory: Twenty five Meteorological Laws 9 

II. Laws concerning heating and cooling of the earth (Laws 1-26) 13 

Distribution of heat in point of time (Law 1) 13 

Distribution of heat over the earth (Laws 2-13) 15 

l^ects of latitude and altitude (Laws 2-4) 16 

Effects of winds and ocean currents (Laws 5-7) .... 21 

Effects of earth’s rotation, shape and inclination 

(Laws 8-10) 24 

Effects of character of surface (water, snow, vege- 
tation) (Laws 11-13) 27 

Delay of heating and cooling (lag) (Law 14) 29 

Range in temperatures (Laws 15-26) 30 

Diurnal range (Laws 15-20) 30 

Interdiurnal variability (Law 21) 34 

Seasonal range (Laws 22-25) 35 

Variability from year to year, (Law 26) 37 

III. Laws concerning winds (Laws 27-50) 39 

Kinds of winds (Law 27) 39 

Direction of winds (Laws 28-35) 39 

Effects of temperature differences (Laws 28-30) . . 39 

Effects of earth’s rotation (Law 31) 41 

Effects of topography (Law 32) 41 

Seasonal changes in direction (Law 33) 44 

Changes with altitude (Law 34) 44 

Diurnal changes (Law 35) 45 

Wind velocity (Laws 36-45) 46 

Variations with latitude and altitude (Laws 36-37) 46 

Effects of surface friction (Law 38) 48 

Effects of insolation and humidity (Laws 39-41) . . 48 

Effects of direction (Laws 42-43) 49 

Seasonal and diurnal variation (Laws 44-45) 50 

Steadiness of winds (Laws 46-50) 51 

Variation with latitude and altitude (Laws 46-47) , 51 

Variation with temperature (Law 48) 52 

Sudden changes (gustiness, puflBness) (Laws 49-50) 53 

IV. Laws concerning moisture (Laws 51-80) 57 

Sources of moisture (Law 51) 57 

Rate of evaporation (Laws 52-53) 57 

Distribution of moisture (Laws 54-56) 59 

Relative humidity (Laws 67-61) 62 

Condensation (Laws 62-65) 65 

Precipitation (Laws 66-80) , ’ 68 

Kind (Laws 66-67) 68 

Place distribution (Laws 68-71) 69 

Diurnal and seasonal distribution (Laws 72-76) . . 73 

Annual variability (Laws 77-80) 80 

V. Miscellaneous Laws (Laws 81-90) 85 

Variations in air pressure (Laws 81-83) 85 

Cyclonic storms (Laws 84-86) 86 

Sensible temperature, light, thunderstorms, foehns 

(Laws 87-90) 89 


Index 


7 



LIST OF ILLUSTRATIONS 

Page 

Fig. 1 Mapof the world showing mean temperature for January. 18 

P^g. 2 Mean temperature for July 19 

Fig. 3 Winds and isobars for January 42 

Fig. 4 Winds and isobars for Jtxly 43 

Fig. 5 Mean annual rainfall 56 

Fig. 6 Summer rainfall 74 

Fig. 7 Winter rainfall 75 

Fig. 8 Average monthly temperature and rainfall of typical 

^ces in North America 78 

Pig. 9 Average monthly temperature and rainfall of typical 

places in the Old World 79 


8 



OHAPTEE I 

INTEODUOTOEY: TWEITTY-EIVE METEOEOLOGICAL 

LAWS 

In order that the dimatie factors, or the influences controlling cli- 
mate, may he understood, a number of meteorological laws must be held 
clearly in mind. Twenty-five such law® may be stated briefly as follows ; 

Gsottf 1. Tsupbbatusx 

1. Tho earth’s surface is warmed chiefly by solar radiation, and to 
a lesser extent by radiation from the warmed atmosphere. 

2. The earth’s surface is cooled chiefly by outward radiation to the 
overlying air, which is thereby warmed and then usually rises carrying 
the heat to higher levels where it readily escapes into space. A second- 
ary method of cooling is that which accompanies evaporation and thaw- 
ing. A third method, radiation into space, is also important in high 
altitudes and in dry regions. 

3. The lower atmosphere is warmed chiefly by the absorption of ter- 
restrial radiation and to a minor degree by the absorption of solar radia- 
tion. • 

4. The lower air is cooled chiefly by convection, i.e., the rising of the 
warmed air, and subsequent radiation to cooler air and into space. It 
is sometimes cooled by radiation to cooler land or water. 

6. Vertical rays from the sun are more effective in warming the earth 
thftTi, are oblique rays ; the more oblique the rays, the less heat received. 
Eays which are reflected from the earth have no effect on terrestrial 
temperatura 

6. As all atmospheric molecules and especially water vapor interfere 
with the passage of heat, the drier and the thinner the air the greater 
the heating by rays coming from the sun at a given angle, and the more 
rapid the cooling by night and in the shada 

7. Heat is carried from place to place mostly by winds and to a 
leisser extent by ocean currents. 

8. Water warms less easOy and more slowly than land, and cools 
more slowly because (a) 'the specific heat of water is about twice that 
of land; (b) water is warmed to a greater depth, because of transpar- 
ency and convection, and hence the surface layer is not warmed so much ; 
(o) there is more reflection from water than from land ; (d) there is 
usraully more evaporation from water than from land. The slower cool 
ing of the water is because of (a) and (b), and because water vapo« 

9 
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and clouds are more abundant over water tban over land. Water vapor 
and clouds hinder the escape of heat. 

9. The temperature of an object increases until the loss of heat equals 
the additioa of heat When the loss and the gain balance, the temper- 
ature remains constant When the loss exceeds the gain, the tempera- 
tBxa falls. Therefore maximum temperaitures occur after the time of 
tnpyi'mn'm heating, and minimum temperatures occur after tiie time of 
maximum loss of heaA by radiation. In plher words, there is a daily 
and seasonal lag. 

10. Evaporation is a cooling prooessi; when condensation occurs, as 
much is released as ■was required te waporate the condensed vapor. 
However, since most condensation occurs high up in the air where the 
heait can easily escape to space, ,the final result of evaporation is usually 

surf ace cooling. ^ 

11. Eapid descent warms air while rapid ascent cools it The adia- 
batic cooling of dry air while ascending is at the ra'te of 1 F. for each 
200 feet, approximately. 

As a summary of these laws of heating it may be well to picture the 
cycle due to their joint action. The sun rises ; its rays penetrate the^ air 
but are absorbed by the dark soil which thereby isi warmed and gives 
out long heat rays which are absorhedi by (he air. As the air becomes 
warm it expands. Winds are set up, and the heaited air ia moved away 
and warms other places, where the sun’s heating is less effective. Some- 
times "the air rises and is therefore cooled adiabatically, occasionally 
enough so that its moisture is partly condensed ■with a liberation of heat 
which still further warms the air. Gradually the heat escapes outward 
into space or downward to cooler earth and water until the air is no 
longer relatively warm. Then gra'vity pulls it down to the earth’s sur- 
face where it awaits another warming the foUo^wing day. 

GeOTTP 2. WlITDS 

12. Relatively <»ld air tends to sink, and crowd under warmer air, 
thus forcing it to" rise. This is because cooling causes contraction and 
warming causes expansion, and hence a given volume of cold air is 
hea'vier (han a like volume of warm, expanded air. 

18. Winds always blow from pdaoes of higher air pressure to places 
of lower air pressure, beea'use the great force producing ■winds is grav- 
ity- 

14. Winds are defleoted ly the rotaltion of the earth; to (he right in 
the northern hemisphere and to the left in the sonthem. The extent of 
deflection increases ■with latitude. 
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15. Winds Wow at a large angle with the isobars if tiiere is much 
friction and at a small angle if there is little friction- In other words, 
if theore is little friction the air circulates round and round a center of 
low pressure, but where there is much friction it approadies the center 
of the low more directly. 

16. Surface winds are influenced by topography and surface tem- 
perature. Winds tend to descend slopes, to follow valleys, to go toward 
warm areas, and to avoid elevations and cold areas. 

17. Wind velodly depends on the barometric gradient, or difference 
in air pressure per horizontal unit, and upon the amount of friction ; 
the steeper the gradient and the leas the friction, the stronger the wind. 

Geoup 3. Moistuee 

18. The ability of air (space) to hold moisture increases sharply with 
increased temperature, doubling with each increase of approximately 
18°F. (10° 0). In, other words^ as the temperature rises the relative 
humidity fallai; this' in spite of the fact that the absolute or actual 
humidity is increased with increased temperature whenever there is 
water which may be evaporated. 

19. Atmospheric moisture is derived by evaporation from all moist 
surfaces, chief of which is the ocean. 

20. The rate of evaporation increases with temperature and wind 
velocity, and with decreased relative humidity. It is also increased 
slightly by decrease in air pressure, in absolute humidity and in the 
salinity of the water. 

21. Atmospheric moisture is transferred chiefly by wind and the ver- 
tical moving of air called convection. (Diffusion, the other process of 
transference, is altogether subordinate.) 

22. Condensation occurs when moisture is cooled below the satura- 
tion point or dew point. 

23. The amount of condensation, depends upon the absolute humid- 
ity of the air, the amount of vapor cooled, and the extent of cooling be- 
yond the dew point. 

24. Plreedpitationi ocoma whenever dropsy flakes or pdlets are formed 
which are too heavy to be sustained in the air by the rising air currents. 

25. Precipitation is heavy when a large volume of warm moist vapor 
is cooled notably below the saturation point. 

As a summary of these laws: of moisture, it may be well to describe 
the cycle tTiat often occurs. The sun rises over the ocean and the air 
is warmed. It thereupon becomes able to hold more moisture and 
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evaporation is facilitated. As the air is blown over the moist surface, 
it takes up moisture, rapidly if it can hold much more than it already 
has, and slowly if it is nearly saturated. The wind blows upon the land 
carrying moisture from the ocean. It encounters a mountain range and 
is forced to rise. In doing so its tempefrature is lowered. At a moderate 
height it is cooled suffioiently so that it can no longer hold aU its mois- 
ture and clouds form. At a higher elevation a drizde is produced. If 
the range is high or if convectional overturning takes places rain falls 
until the excess moiatur© has been precipitated. 



CHAPTER II 

LAWS oommmm the heating and cooling of 

THE EARTH 

Disteibution of Heat in Point of Tike. 

1. Climate changes with the nature and effectiveness of solar radior 
tioTL — This is true in so far aaj temperature and light are concerned^ 
^ecause the great source of heat on the surface of the earth is solar radia- 
tion, and also because the amount and type of solar radiation received 
^and retained by the earth varies from time to time. The temperature of 
any place depends upon various factors, considered in subsequent laws, 
wpon the amount and type of solar radiation and upon the amount of 
atmospheric and terrestrial 'absorption. None of these four factors 
operate at a constant rate in point of time or place. Geographic varia- 
tions are discussed below. Widespread variations, from time to time in 
the amounts of radiation and absorption are likewise a part of climate. 
The amount of radiant energy emitted by the sun also varies. A cycle 
of 11 or 12 years is recognized and there is evidence of both shorter and 
longer cycles, especially one of about 83 to 35 years.^ Apparently there 
are other variationia in the amount of .energy emitted by the sun within 
periods of weeks or months.® In addition to variations in the amount of 
solar radiation, there is clear evidence of variation in the type of ema- 
nations, as is shown by the intermittent occurrence of auroral displays. 
Ultra-violet rays 'also do not always make up the same proportion of the 
emanations. Long term variations in either the amount or the kind 
of radiation reaching the earth, even though slight, undoubtedly affect 
dimsite in a fundamental way.^ Sudden changes of pressure of a 

2Marvin, C. F. : Theory and Use of the Periodocrite, Mo. Weather Bev,, Vol., 49, 
pp, 115-132, esp. p, 131, 1921; Clongh, H. W., An approximate seven-year cycle in 
terrestrial weather with solar correlations, Ibid. Vol. 48, pp. 593-596, 1920, Henry 
A. J. Temperature Variations in the IT. S. and Elsewhere, Ibid, Vol. 49, pp. 62-70, 
1921; Huntington, E., Earth and Sun, 1923; Clayton, H. H., Solar Variation and 
Weather at Buenos ^es, Smithsoman Mise. Collect, Vol. 71, 1920, and Hell^d- 
Hansen and Nansen, Temperature Variations in the North Atlantic Ocean and the 
Atmosphere, Smiihs<ynim Mise. Collect, Vol. 70, 1920. 

sAbbot and others, The Solar Constant; Mo. Weather Bev,, Vol. 43, p. 212, 1915, 
and Vol. 47, pp. 1-3, 1919. Concerning the uncertainty of many of the daily varia- 
tions in the Solar Constant, see Marvin, C. F., Forecasting the weather on short 
period solar variations, Ibid, Vol. 48, pp. 149-150, 1920. 

^Huntington, E. The Solar Hypothesis of Climate, Bull. Qeol. 8oc. Am,, Vol. 25, 
1914, pp. 477-577 and Earth and Sun, 1923; Brooks, C. E. P., The Secular Variations 
of dimate, Qeogr, Bev., Yol 11, pp, 120-132, 1921, 
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remarkable type occur over extensive areas and may possibly be due to 
sudden variations in solar radiation.® i 

Tbe ATnoiiTit . lof atmoepbeiric absorption varies with the composition 
of the air. Changes in the wiater vapor, CO2 and dust content of the 
air are particularly important as these are relatively active absorbers. 
Water vapor is most important, being almost a fuU absorber for radiant 
energy sent ont by a black body at k temperature of 212 ° F.’ ISTitrogen 
has no known absorptive power and oxygen absorbs only a few wave 
lengths other than those in the far ultraviolet.® 

Variations in the amount of water vapor in the air are produced by 
changes in the temperature of the air and of evaporating surfaces, and 
in the distribution of land and water, and by variations in wind velo- 
city. . Modifications in the distribution of land and water affect climate 
in many significant ways, but are geologic in origin and are prodiiced 
slowly. Changes in the average.temperature a^ produced by variations 
in insolation and in the composition! of |he air, and by changes in the 
surface of the earth, and thus in the amoimt of absorption and retention 
of radiant energy. It has been suggested that variations in the amount 
of OO2 in the air have been due to differences in the temperature of 
the sea, in which much CO2 is dissolved ; to vmations in the activity 
of volcanoes, which emit much CO2 ; and to differences in the rate of 
depletion of the atmospheric CO2 by coal-forming plants and by the 
carbonation of rocka The rate of depletion is greater when the con- 
tinents are elevated, as at present, than when they axe low and partly 

•Himtijigton, E., Solar Disturbances and Terrestrial Weather, Mo. Weafher Bev., 
VoL 46, pp. 128-141, 168-177, 269-277, 1918. 

«Fowle, P. B. Atmospheric Transparency for Eadiation. Mo. WeatTter Bev., voL 
42, pp. 2-4, 1914 (a summary of earlier papers by Abbot and Fowle) ; Dines W. H. 
The amount of radiant energy absorbed and reflected by th^ earth and its atmos- 
phere, Qmrt. Jovrn. Boyal Meteorol. Soo., April, 1917 (Abstracted in Meteorological 
Glossary, pp. 331-333 j Humphreys!, W. J, The Physics of the Air, 1920, (Volcanic 
dust yeoeives especial consideration) . The efScacy of COj as an absorber is dis- 
cusse'd in numerous papers. < Chamberlin gives a good summary to 1906 in Chamber- 
lin and Salisbury: Geology, Vol. 2, pp. 655-677. See also Clarhe, P. W., The Data 
of Geochemistry, 4th ed., 1920. (B«Z7. 695, T7. S. Oeol. Swrvey),'p^. 49-50, 141-145, 
and Huntington and Visher, Climatic Changes, their Nature and Causes, pp. 36fF, 
19, 139, 1922; also, BSunbal^ H. H., Variations in the Solar Kadiation in the U. S. 
Mo. Weather Beta., Vol. 47, pp. 769-793, 1919. (The efficacy of water vapor as. an 
absorber is especially emphasized in this comprehensive, detailed paper). 

r Shaw and others, Meteoroloffieal Glossary, p. S3, 1918. In the Smithsonian 
Meteorological Tables, 1918, p. 231, the absorption of different wave-len^hs is given. 
It varies irregularly from 6% to 100% for lengths given out by tewestiial radiation, 
but for most of the lengths it approaches 100%. 

» Humphreys, Physics of the Air, p. 81, 1920. 
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submerged, as they have beeai at many times during geologic history.® 
Long-time oscillations in the amount of atmospheric dust accompany 
variations in explosive volcanic activity, and changes in the extent of 
dry land.^® 

Absorption by the earth’s surface varies with the distribution of 
land and water, with the extent and type of soil, rock and vegetation 
and with cloudineiss and the amount of snow-cover. All of these vary 
from time to time, and thus help produce climatic changes. The climate 
of any period, such as that of the present, is affected by all these com- 
plex influences, and by others mentioned below. As these conditions 
vary, climate changes. Climatology comprehensively studied is thus 
distinctly a dynamic subject instead of a static one. 

Distribution or Heat Over the Earth. — Effects of Latitude and 
Altitude. 2. Half of the earth is receiving heat from the sun at any 
given moment . — ^Because of the rotation of the earth, there is a pro- 
gressive change in the half which is heated by insolation. The amount 
of heat received per unit of time varies from a maximum in the area 
where the sun’s rays are vertical to a minimum* where they are tangent 
to the earth’s surfaoe.^^ Indeed at tangency there is almost no heating 
due to direct insolation because almost no energy is absorbed and o-nly 
absorbed energy is effective in raising temperatures. At any given 
time the rays are nearly vertical (60^ or more) over about one-fifteenth 
of the earth’s surface. This proportion receives about 1.2 calories per 
square centimeter per minute on clear days from direct solar radiation.^® 
It likewise receives radiation from atmospheric water and dust which 
have absorbed or reflect part of the solar radiation.^® Indeed, in the 

® Chamberlin and Salisbury, Geology, Tols. 2 and 3, 1906, as to variation in extent 
of lands. See also Willis, Salisbury and others, Outlines of Geologie History, 1910, 
and Sehuehert, Paleogeography of North America, Bull. Geol. Soc, Am., Vol. 20, pp. 
427-606, 1910; and Pirsson and Sehuehert, Textbook of Geology, Yol. 2, 1915. 

loSehuchert, C., Climates of Geologic Time, pp. 265-298 of Huntington^s, The 
Climatic Factor, Carnegie Institution PubL 192, 1914, and (for Bust), Humphrey’s 
loc. eit,, pp. 569-603. 

nThe intensity of insolation varies "with the sine of the sun^s altitude* At the 
equinoxes, it varies as tEe eosine of the latitude. (Hann, J., Handbook of dimatol- 
ogy, Vol. 1 (tr. by Ward) p. 93, 1903. 

1263% of 1.92 calories. Abbot, Powle and Aldrich, The Solar Constant of Radia- 
tion. Mo. Weather Rev., Yol. 43, p. 212, 1915. '‘From Maroh 10 to Sept. 10 the 
heat received from the sun and sky on clear days on eachl square meter of horizontal 
surface (at Washington, B. C.) is equivalent to the energy required! to run twenty- 
five 40-watt electric lamps for 7 hours.^^ (Kimball, H. H., Measurements of Radia- 
tion, Ibid, Yol. 43, p. 610, 1915, 

isDines, W. H., {Qu/Xft. Jown. Boyal Meteor. Soc., April 19il7) ^estimated tha.t 
the atmosphere absorbs nearly one-tenth as much solar radiation as does the earth 
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tropics, one-lialf of the total energy received is from diffused or reflected 
Tlie amounts of radiation (solar and atmospheric) received 
daily by the earth’s surface vary notably with latitude, humidity, and 
seasons, (See Law 8.) 

3. Normal temperatuT<es decrease with increase in latitude^ except 
just (north of the equator j ne(i\rly F, for each degree of latitude (about 
1° 0. for each 2® of latitude) because insolation diminishes as the angle 
at which the sun’s rays strike the surface of the spherical earih becomes 
smaller/® With this change there is greater reflection, an increase in 
the area over which a bundle of rays is spread, and of chief importance, 
an augmentation of the distance which the rays must travel in pene- 
trating tlie atmosphere. Rays entering the atmosphere at a small angle 
often are reflected away from the earth. Penetration is also reduced 
by atmospheric absorption and diffraction or scattering of light rays.* 

The average air temperature at the surface of the earth is about 
F. (15"^ 0.) ; near the equator it is 80'’ F. (27° 0.) or above, 
except on tlie Pacific Ocean where it is about 77° F. (25° 0.). The 
average along the tropics is about 74'’ F. (23° 0.) j in mid-latitudes 
it is perhaps 50° F. (10° 0.), and in , polar areas 10° F. ( — 12° C.) 
or less.^*^ 

In more detail, the mean temperatures are given as follows by Hann/® 
(The Fahrenheit equivalents are given just below the Centigrade fig- 
ures.) 


N. Pole 

80°N. 

70‘’N. 

60”N. 60®N. 40®N. 30®N. 20°N. 

10®]Sr. Equator 

— 20 * 0 . 

—17 

—10 

—1.2 6.8 

14 20 

25 

27 

26.6 

— 4°F. 

1 

14 

30 42 

59 68 

77 

81 

80 



10®S. 

20‘’S. 30°S, 40‘’S. 

50°S. 60°S. 






26°C. 

23 18 12 

5 — rc 






79°F. 

73 64 54 

41 30 





itself. It also absorbs nearly 3y'4 of the radiation from the warmed earth, and re- 
flects back about 1 /lO. Only about 1 /6 of the terrestriali radiation escapes to space 
directly. 

*See Law 18 beyond. 

i^Hann, loe. cit., p. 81. See also Very, P. W., Atmospheric Eadiation, Bull. G., 
27. JS. Weather Burem, 1900. 

igpimball, H. H., Variations in solar radiation in the TJ. S., Mo. Weather^ Beiv.ji 
Vol. 47, pp. 783-784, 1919. 

isThe variation of lo F. per degree of latitude has been verified in the United 
JStates by A. D. Hopkins in his study of the flowering of plants. See ^'The Biocli- 
matie Law/^ Mo. Weather Bev., Swppl. 9*, 1918 also Sdentifio Monthly 8, 495-513 
1919 and Mo. Weather Bev., Vol. 448, p. 355, 1920. 

irThese figures are from Bartholomew: Physical Atlas, Pt. 3, Meteorology, 1899, 
as are many similar figures below if not credited to some other source. 

xsHann, loe. eit, pp. 200-202. 
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WerD it not foB the distribution of beat hj winds and ocean currents, 
tropical temperatures would be much bigber and polar temperatures 
muob lower than now, possibly about 131° F. (55° 0.) for the equator 
instead of 80° F. (26° €•) and — 108° F. ( — 78° 0.) for the poles^f 
instead of about 0° F. ( — 18° C*) as now/® 

Tbe decrease in temperature witb increase in latitude is not at a 
uniform rate. It is disturbed by variations in tbe proportions of land 
and water, bigbland and lowland, tbe amount of water vapor cloudi- 
ness and storminess in tbe different latitudes, and by differences in 
ocean currents. On tbe average tbe ocean is cooler tban tbe land except 
in bigb latitudes where tbe reverse true. According to Zenker marine 
climates are 8.5° 0. (15° F.) colder than continental climates at tbe 
equator, 7.3° C. (13° F.) colder at latitude 20, 2.3° 0. (4° F.) 
warmer iat latitude 40, 8° C. (14° F.) warmer at latitude 60, and 
14° 0. (25° F.) warmer at latitude 70.®® . Cloudiness generally lowers 
surface temperatures altbougb it does not do so in winter in some cold 
regions.®^ Clouds in tropical latitudes reflect, on tbe average, more 
than ba,lf tbe solar radiation incident upon them.®® Investigations in 
middle latitudes indicate that there is a reflection of 70%.®® neverthe- 
less tbe climate of places in bigber latitudes such as tbe British Isles, 
which receive much beat from tbe ocean, are kept mild in winter by 
being cloud-covered. • In such places tbe effect of the clouds in retard- 
ing the escape of beat is more important in winter tban is tbe lessening 
of insolation which they cause. Storminess increases upward convec- 
tion, which in turn causes so much beat to be lost by radiation into 
space that stormy areas and belts itend to be abnormally cool, except 
in winter in bigb latitudes. This is in spite of tbe fact that the cloud- 
iness associated with lows restricts tbe loss of beat, and tbe poleward 
blowing winds bring in much beat.®* 

isSalisbuxy, R. D., Physiography, revised ed., p, 455, 191S. 

20 Quoted by Hann, loe. eit., p. 212. In Die Lehrbucb der Meteorologie, 3rd ed., 
1915, p. 153, Hann gives Lmiar’s computationB of the probable temperatures of 
land and water hemispheres at various latitudes. 

21 Por a good discussion of the lowering of temperatures produced by cloudiness 
in the lower latitudes (between. 30' N. and 30" S.) See Huntington: Bull. Geol^ 
Soo. Am. 1914, pp. 581-87. The influence of clouds on temperatures in northwestern 
Europe is discussed in Hann, loc. cit., p. 136. 

22 Blair, W. R., Mo. Wfiather Bev., Vol. 44, p. 194, 1916. 

23 Balloon investigations carried on recently by the Smithsonian Institution in 
southern California, L. B. Aldrich, JSmitTisonian Misc. Collect,, VoL 69, No. 10, 'Wash- 
ington, 1919; Author's Summary reprinted in Mo. Weather Bev., Vol. 47, p. 154j 
1919. 

2* Huntington, E,, Bull. Geol. Soo. Am,, VoL 25, pp. 572-574, 1914. 
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-Mean Temperature During January. (From Huntington and Williama 
Busineas Greography. Published by John 'Waley & Sons, Inc.) 
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1^6. 2. — Mean Temperature During July. (From Huntington and 'Williams^ Business Geography.) 
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4. Normal temperatures fall with increase in altitude about 1° F. 
for each rise of 330 feet (1° (7. for 600 ft. or 183 meters, or .6° G. for 
100 meters). Tlie rate differs somewliat for moimtains; plateaus aud 
plains, being 1*^ P. for each. 265 feet of ascent on mountains^ 200 feet 
on plateaus, and 365 feet on plains (1° 0. for each 180 mefcers on 
mountains, 200 meters on hiUs and 250 meters on plateaus).^® Pdr dry 
“free air’^ the decrease is 1° P. for each 300 feet (1° 0. per 165 
meters, or 6° 0. per 1,000 meters), on the average, up to- the base of 
the stratosphere, an elevation of about seven miles (11 km.).^° At an 
elevation of about 2,000 feet (600 m.) above sea level, the effect of 
altitude on temperature is appreciable, and at 4,000 feet it is marked 
resulting in a short frost-free season in mid-latitudes. Lofty moun- 
tains, even in the trop-ics, have frigid temperatures at their summits, 
though not a polar climate. The normal decrease in temperature with 
increase in altitude is due partly to the increased distance from the 
chief source of atmospheric warmth, the warmed earth, but chiefly ti 
the decreased absorption by the atmosphere of radiation from the sun 
and of radiation and conduction from the earth. The atmospheric sub- 
stances which absorb radiation (water vapor, dust and OOo) all decrease 
notably in amount with increase in altitude, and as has been remarked 
wherever there is little wa.ter vapor, CO 2 or dust, there is little absorp- 
tion. Since radiant energy which is not absorbed does not raise air 
temperatures, high altitudes cool rapidly and become cold at night, and 
indeed even during the day, except where the sun is shining upon an 
absorbing surface. The thinness of the air, with the consequent fewer 
molecules to scatter the rays, also aids in the escape of heat.* The 
decrease in nocturnal temperature with increase in altitude is at a 
greater rate than the decrease in daytime, temperatures. The decrease 
is also at a greater rate on the clear leeward sides- of mountains than 
on the cloud-covered windward isides.®’' This disparity is due in part 
to the heat liberated at condensation on the windward slopes, and to 
the effects of foehns on leeward slopes. • In the free-air, upward con- 
vection helps produce a progressive decline in temperature, since more 
heat is lost by expansion than is obtained by absorption or conduction. 
Furthermore, whenever convection is taking place, part of the air at 
any moderate altitude has recently arrived from a lower altitude. If 

* See Law 17, beyond. 

s^Hann, Lebrbneb der Meteorologie, Sid ed., p.,126, 1915. 

2® Humphreys, loc. cit., p. 38. 

z^Hann, Handbook of Climatology, ToL 1, p. 249, 1903. 
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the rise is rapid, inertia may carry such air far beyond the level of 
equilibrium and so make it much colder than the surrounding air. 
However, this condition soon results in a .settling of the comparatively 
dense abnormally cold air to a level where it is neither abnormally 
dense nor cold.^® 

Effects of Winds and Ocean Currents. 

5. Winds are important in ajjccting local temperatures^ especially 
along coasts in the higher latitudes, and at night. Windward coasts in 
high latitudes are on the average abnormally wiarm and leeward coasts 
abnormally cold. Much heat is carried from place to place over the 
surface of .the eai*th by the winds. In winter many places in high 
latitudes frequently receive more heat from the wind than by insola- 
tion or from the radiation of heat stored up in soil or water. At nigjbt 
there is no insolation and on densely cloudy days in high latitudes, 
there is but little. When the surface of the ground is cold or snow- 
covered or the water is ice-oovercd, they give up only a little heat. The 
importance of the wind in high latitudes is suggested by the statement 
that from the poles to- latitude 62° the earth’s surface receives more 
heat from atmospheric radiation than by insolation.^^ • Even when the 
sun is shining brightly, a^locality may be cold if winds bring in a large 
body of cold air. Hence the direction of the surface winds often strongly 
influences the temperature at any place, especially in middle and high 
latitudes or near the coast.®® Eor example, the northeastern part of 
the United States is remarkably warm in summer partly because south- 
ern winds prevail there, Vhile the summers of northwestern Europe 
are kept comparatively cool by the northwesterly winds prevalent there 
at that season. Likewise the Horth Pacific coast of North America 
has abnormally cold summers partly because strong west or northwest 
winds from the cold northern Pacific Ocean prevail then.®^ 

In the absence of surface air movement, there is little passage of 
heat by conduction from air to soil, rock or water or in the other direc- 
tion, because stagnant air has a low thermal conductivity. This is one 
reason why the surface is hotter on a calm day than on a windy one 
and why the lower air is colder on a calm night than on a windy one. 

28 Por farther discassioii of tliis explanation of the vertical decrease in temperature 
see Humphreys, W, J., A Bundle of Meteorological Paradoxes, Joum, Wash, A-cad. 
Soi., Vol. 10, pp. 15S-171, 1920. 

29Haim, loc. cit., p* 116. 

soHann, loc. cit., p. 70, states, districts may be said to have their own 

climate” because of the importance of winds. 

siHann, loc. cit,, p. 178. 
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On windy nigkts, air cooled by contact with cold ground is soon mixed 
with warmer, air, Thus^ although there is more cooling by conduction 
on a windy ni^t than* on a calm one because of the greater contreist 
between* soil and air temperatures, a sufficiently greater quantity of 
,air is involved so that the temperature of none of it becomes so low as 
that of the lower air oni a calm night. 

6. Ocean currents hdp^ to warm windward coasts in high latitudes^ 
amd to cool those in low latitudes . — ^Much heat is transferred by the 
movement of sea wa,ter. High latitude coasts are usually warmed by 
heat carried there by the oceanic circulation. Because of the influence 
of the wind, the agency which transfers the heat from the water to 
the land, this warming is chiefly felt on the windward coasts. Among 
the surface currents two may be mentioned: Winds from off the ^^Grulf 
Stream Drift” warm northwestern Europe 10° F. (5.5° C.) or more 
in midwinter.®* . Without its influence navigation would be interfered 
with by ice that would then accumulate occasionally even in the eastern 
ports of Great Britain. ‘ On the other hand, the Humboldt Current 
chills the coast of Peru and northern Chile. However, the upwelling 
cold oceanic waters there, as along other coasts in Trade Wind latitudes, 
is the chief cause of the coldness of such a current, rather than the 
rapid movement by the winds of cold water from high latitudes,®® The 
active evaporation by the dry Trades is another cause of the coldness, 
both directly and also by making the surface layers more dense than the 
fresher but bolder water below, which is crowded upward by the sink- 
ing of the denser surface water. 

Possibly of more significance than surface currents is the deep-sea 
circulation. All the ocean is surprisingly cold, except the surface, 
because of the sinking and spread of cold water from high latitudes. 
The average temperature of the ocean, when all the depths are consid- 
ered, is less than 40° F. (4° 0.). In past geologic ages high latitudes 
have occasionally been much warmer andl more equable than now. 
Indeed, magnolias and figs have grown in Greenland. If vast quantities 
of tropical heat were transferred poleward beneath the surface by a 
reversal of the deep sea circulation, some such mild climate would 
result.®^ Such a reversal might be produced by a notable increase in 

82 Salisbury, loe. cit., p. 470. 

38Haiin, loc. cit., pp. 185-187. See also Murray, X, The Ocean, 1912, and Brooks, 
O. F., Beview of papers dealing with climates of Western coasts in the trad^ind 
belt, Geogr. Bev., Vol. 11, pp. 633-634, 1921. 

34 Chamberlin, T, C., On a possible reversal of deep-sea circulation, Journ, of 
Geol,, Vol. 14, pp. 363-373, 1906. See also Yisher, S. S. Bull. Geol. Soo. Am., Vol. 32, 
pp. 429-436, 1921. 
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the salinity of the ocean especially in low latitudes or by an increase 
in its temperature especially in high latitudes. The present surface 
currents from the tropics lose most of their heat by radiation and con- 
duction to the air in low middle latitudes. However, surface currents 
may in times past have been more effective in transferring heat pole- 
ward than at present. How, perhaps chiefly because of the retarding 
influence of cyclonic storms in mid-latitudes, the poleward movement 
of tropical waters is so slow that comparatively little heat reaches polar 
regions in this way.®® If cyclonic storms were far less numerous than 
now the Westerlies would become more like the .Trades in steadiness 
of direction, and the poleward movement of warm water would be much 
augmented, thus making possible mild polar climates where the distri- 
bution of land and water was favorable.®® If during the past the deep 
sea circulation was of the “reversied” type at the same time that the 
Westerlies were steady ajt the surface, polar climates would have been 
especially mild. 

7. Windy places are commonly cooler than less windy ones otherwise 
dmilar because: (1) Wind increases evaporation, and (2) increases 
the dispersal of local heat by oo-nduction, except when the wind is 
extraordinarily hot (3) Much surface wind has. recently come from 
higher latitudes or altitudes and is cooler than the air it displaces. 
Wherever friction or topographic relations temporarily prevent wind, 
warm air accumulates whenever heating by insolation is greater than 
loss of heat by radiation. This is commonly the case in places which 
receive intense insolation but little heavier air (wind) to force the 
warm air to rise* There are three chief exceptions to this law: (1) 
Areas in middle land especially those in high latitudes are often warmed 
by wind from the open ocean in winter or from the direction of the 
equator; hence windy places in high laititudes are often warmer than 
calm places. (2) Depressions are often cooler during, calm nights than 
on windy ones, because cold air accumulates in depressions during calm 
nights.f (3) Many places are occasionally warmed by foehn winds. 

* See^w 18, beyond. 

f Similarly snow-covered surfaces are often cooler on calm nights than on windy 
ones partly because stagnant air in contact with cold enow cools to a lower tempera- 
ture than that reached hy a mixture of surface air and the wanner air of moderate 
altitudes such as obtains on windy nights. 

85 Helland, Hansen and Nansen, Temperatures of the North Atlantic, Smithsonian 
Misc. Collect., Vol. 70, #2537, 1920. Huntington and Visher, Climatic Changes, 
their Nature and Causes, pp. 174-170, 1922. 

88 Huntington and Visher, loc. cit., pp- 166-187. 
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Effects of Earth’s Botaiion, Shape and IncV/aaiion, 

8. Seasons of temperature occur in middle and high latitudes, be- 
cause of the revolution of the earth about the suu and the constmt 
inclination of its axis to the plane of its orbit. As the axis maintains 
a practically constant direction in space at an angle of about 23J4 to 
the ecliptic, the northern hemisphere is tipped toward the snn at one 
time, and six months' later, when the earth is in the other side of the 
orbit, it is tipped away from the sun. The heimisphere tipped towai'd 
■the sun receives more vertical and nearly vertical rays than the other 
hence is warmer. In other words, the north-south shifting of the 
zone of greatest insolation accompanying the revolution of the inclined 
earth produces most of our changes of seasons. For example, in the 
United States, Minnesota receives six times as much radiation per unit 
area on June 21 as on December 21, and Louisiana two and one-half 
times as much on J une 21 as on December 21. During a year a unit 
area in Louisiana receives 7 per cent more radiation than one in Min- 
nesota, receiving 36 per cent more in the colder six months but 11 x»er 
cent less in the warmer three months. In J uly, Minnesota receives 20 
per cent more than Louisiana. The ^ixid southwest receives almost 
twice as much radiation as' the northeast in, winter and nearly 25 per 
cent more in summer. For example. South Carolina receives only about 
75 per cent as much radiation per unit area in a year as does more 
sunny Mew Mexico. Mew Idexioo leads each month in the year bnt 
more in the colder months and in J uly than in the other months, because 
of cloudiness in South Carolina then. The highest^ average amount 
received in gram calories per minute per square centimeter is 700 on 
June 21 in the arid southwest. The lowesit is a little less 'than. 100 on 
December 21 along the northern border and in the Great Lakes region.®'^ 
Although the earth is nearer the sun and receiving one-fifteenth 
more insolation in January than in July, the Southern Hemisphere 
docs not receive a greater amount of heat in a year than 'the Morthem. 
The earth moves with a sufficieiatly greater velocity along its orbit when 
nearest the sun as compared with its velocity when farthest away (in 
Jnly), so that it receives as much heat when it is moTe than the average 
from -fhe sun as it does when it is less than the average.*® 
Indeed, the temperature of the earth as «. whole increases from J anu- 
ary to July nearly 2.7° F. (1.5° 0.) while its distance from the sun is 
increasing. This is chiefly beoanse of ‘the greater land area in the 
Morthem Hemisphere.*® 


Kimball, H. H., cited in note 15, 
«8 Hann, loc. cit., pp- 98-101, 

$8 Ibid, p. 201. 
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Seasonal cliaaiges of temperature liave been far less extreme during 
most of the better known epocbs of the geologio past than they are at 
present. Indeed, freezing temperatures apparently did not prevail even 
in moderately bigh latitudes, at least not lalong the coasts, except during 
the several colder or Glacial periods.^® Students of celestial mechanics 
insist that there has been no great change in the position or inclination 
of the earth's axis since the present solar system was organized. It is 
altogether unlikely that the higher latitudes could have been warmed 
sufficiently by the escape of heat from the interior of the earth to com- 
pensate for the lack of direct insolation in* winter. Leading geologists 
estimate that the earth's interior probably is about as hot now as for- 
merly.* . Yet today the ©scape of heat is normally negligible.^^ In 
ancient times when high latitudes had a mild climate they must have 
received the necessary heat through the agency of atmospheric or oceanic 
circulation. A general ^^planetary" circulation of the atmosphere like 
that of the present seems called for by the distribution of insolation. 
A change in the oceanic circulation appears much more likely than 
many of the other changes hypothecated. If the ocean were distinctly 
warm in high latitudes, seasonal changes would be much lessened. The 
change in the temperature of the ocean might be due to- a change in 
the amount of heat received from the sun or to a change in the amount 
of heat held id by the atmosphere. The amount held would fluctuate 
with the composition of the air, with storminess, and with the extent 
of land and water. Chamberlin^^ has developed the hypothesis advanced 
earlier by Tyndal, Arrhenius and others, that! the alternation of gla- 
cial perils and warm dimates in high latitudes is chiefly due to fluc- 
tuations in the OO2 content of the air and to accompanying fluctuations 
of the moisture content llore atmospheric CO2 would mean a some- 
what greater retention of heat and thus^more water vapor accompanied 
by a further increase in heat retention. Huntington^® reports evidence 

*bli'2uniber<liii, T. C., persOBal commtoiicatioii, 

40Barrell, Joseph: Ehytlims and the Mes^mrement of Geologio Time, Bull, Geol. 
iS'oo. Am., Vol. 28, pp. 745-904, 1917; eitation on p. 827. Sohuehert, 0.; Climates 
of Geologic Time in the Climatic Factor, pp. 265-298, 1914, Reprinted in SmitJisonian 
Armual Beport, 1914. 

4iThe mean teoaxperatnre of the earth soil is estimated by Trabert to be raised 
by conduction from the internal heat of the earth by the trifling amount of 0.1 C. 
Bowman: Forest Physiography, p. 60, 1911. 

42 Briefly stated iu ChamberHn and SaUsbury: Geology, YoL 2, pp. 665-667; 
Yol. 3, pp. 433-436, 1906. However see Clarke: Data of Geochemistry, 4th ed., 
pp. 142-145, 1920. 

43 Huntington: The Climatic Factor, Carnegie Institution, 1914; and The Solar 
Hypothec®, Bull. Geol. Boe. Am., Yol. 25, 1914, pp. 4:77-^77. Fuller evidence is 
presented in Climatic Changes, 1922 and in Earth and Sun, 1923. 
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of a ohange m stonniness and in the location of storm tracks, and points 
out that heat retention would alter with storminess. Both Chamberlin 
and Huntington toonsider modificiationsi in the distribution of land and 
water important contributory factors. • Chamberlin considers the 
reversed deep-sea circulation, mentioned above, as the probable source 
of .much of the extra warmth present in high latitudes- during the 
mild periods of the past. This reversal he attributes in part to the 
influence of increased CO 2 in the air with its resultant greater retention 
of heat, and hence higher oceanic temperatures. Several other agencies 
have .been suspacted of being important in producing climatic changes/" 

9. The rotaficm of the earth is mch that nearly all parts are lighted 
and heated ly solar radiation for approxirmtely twelve hours and ihen 
have ^rl^ness for a similar period. High latitudes, and especially 
the polar regions (one-twelfth of the globe), are piartial exceptions to 
this rule, ns*are.mid-latitudes neax the solstices."' However, the oblique 
angle at which the sun’s rays penetrate the atmosphere ^ and strike the 
surface in high latitudes prevents such excessive heating as would result 
in low latitudes if the period of heating there were much longer than it 
is. Jf the days were 16 hours long in low latitudesi, life of the present 
sort probably ,wiQuld be impossible in the drier regions because prota- 
plasm would be killed by the high temperature.^ In all latitudes, the 
coldest normal temperatures occur about sunrise, and the warmest, 
sometime after mid-day."^ 

10. Because of the spheroidal shape of the earth o/nd the inclination 
of the axis,,da/ys amd nights vary significantly in length in middle a\nd 

44 See Humphrejs; The Factors of Climatic Control; FJi^sios of the Air, pp. 
556-630. Humphreys advocates the eflSlcaey of atmospheric dust. Ekholm,^ N., (On 
the variations of the climate of the geological and historical past and their causes, 
Qmrt, Joum, Boyal Meteorol Soo., 1901, pp. 1-61) considers variations in the 
obliquity of the earth's orbit as an important influence supplementing variation in 
the amount of CO„. Several writers have considered variations in the distribution 
and height of the”land as the chief and direct ^us© of the changes of climate. 
(Bee Harmer, Influence of winds upon the climate of the Pleistocene, Quart. Joum. 
Boyal Meteorol. Soo., Vol. 27, pp. 303-305, 1901. (Summary), and Clarke, Data of 
Geochemistry, loc. cit., and Brooks, C. E. P.: Continentality and Temperature. 
Quiort. Joum, Boyal Meteorol. 80 c., April 1917, and Oct. 1918 (30 pp.), Sehuchert, 
loc. cit., discusses the chief hypotheses advanced before 1914; and Huntington and 
Visher, Climatic Changes, 1922, all the more important hypotheses. 

46Por the length of day in each latitude and for each day in the year see 
Smithsonian Meteorol. Tables, Washington, 1918. 

46Meissner reports, Mo. Weather Bev., VoL 48, p. 39, 1920 that the minimum 
comes 30 minutes after sunrise from May-Septemher; 15 minutes after during spring 
and fall; and 10 minutes before in winter. 
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high latitudes . — They are always the same .at the equator and nearly 
the same to about latitude 20/*^ The disp-arity increases with the lati- 
tude. In July (northern hemisphere) the days average 13.9 hours in 
length at latitude 30; 14.7 hours in length at latitude 40; 16 hours 
at latitude 60 ; 18.1 hours at latitude 60 ; and 21 hours- at latitude 65.^** 
Long days mahe sunmier; warmer and long nights make winter colder 
than they would ho if days and nights were always equal. The long 
summer days of high latitudes permit the growing of crops in extensive 
areas where those crops could not be grown if the days and nights were 
equal in length throughout ,the year (a3 they are at the equinoxes). 
Only at the polesi is there six months of continuous .day or night. All 
parts of the earth are lighted during onet-half of the year.^® 

Effects of Character of Surface. 

11. Land is notably warmer Hum wafer in smnmer <md cooler iri 
winter. . Land is usually warmer than water by day except in winter 
in {he higher latitudes . — ^Water becomes warm less quickly than land 
and retains heat longer. °° The ocean thus is a great reservoir of heat 
in autumn and early winter.®^ In spring and summer it takes up heat 
from* the air which it returns in autumn and winter. The ocean there- 
fore notably affects the temperature of adjacent lands toward which 
the winds blow. Seas and large lakes- act similarly until frozen over.*^^ 

47 Salisbury, loc. cit., p. 426. 

48 Abbe, C., delations between Olimaites aand CSroipe, pp, 102-103, 'Weat'her Bwr. 
Bull,, #30, 1905, for latitudes to 40®. For all latitudes see STrvitJtsonian Meteorol. 
Tables, 1918, pp. 203-214. 

40 Not exactly; there are fewer long nigbts than long days, in the northern hemi- 
sphere, and the opposite in the southern hemisphere. • This is due to the earth's 
elliptical orbit and its greater velocity of revolution when near the sun than when 
far away. Furthermore all parts of the earth receive sunlight for slightly more than 
half of the year because of the reflective effects of the atmosphere. The sun is 
visible when it is about 1° below the horizon. Hence in a year there are about 
2/360 more hours of light than of darkuess (Humphreys, W. J.: A Bundle of 
MeteoroL Paradoxes, Joum. Wash. 'Acad. Sd., Vol. 10, pp, 168-170, 1921.) 

Several reasons why water heats and cools more slowly than land are given in 
Salisbury, Physiography, pp. 454-455, and in Ward, Climate, pp. 36-37. 

51 Pettersson : Meteorological Aspects of Oceanography, Mo. Weather Bev., "Vol. 
44, pp. 338-341, 1916; and Brooks, C. F. P., cited in note 44 (Abstracted in Mo. 
Weather Bev., Vol. 47, pp. 653-654, 1919.) 

32 The ice wiU not be as cold as the air above it when that adr is very cold, because 
of the tempering influence of the rdatively warm water beneath the ice. Ice how- 
ever is a very poor conductor of heat; hence ice-covered water bodies contribute heat 
to the atmosphere so slowly as to have little influence as a source of heat. See, 
Birge, E. A., Heat Budgets of American and Buropean Lakes, Trausac. Wis. Acad, 
of Soi., Arts and Letters, VoL 18, pt, 1, 47 pp., 1914. 
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Tor ftTrarinpIp, the North Sea often raiiaes the temperature of cold winds 
blowinjg; from the continent to ^England aa much aa 18° F. (10° C.). 
Lake Ontario and the other Great Lakes likewise often warm cold winds 
several degrees centigrade.” Other effects of unequal heating of land 
and water are land and sea breezes and monsoon, winds. Because the 
ocean is cooler than the land more than half the time, average tempera- 
tures are lower along the coast than inland, except in the higher lati- 
tudes. • “The heat equator” is north of the rotational equator except 
near Australia hecause there is more land in low latitudes in the north- 
ern hemisphere than in the southern. The greater extent of arid land 
north of the equator is of especial significance hecause arid lands are 
much wanner the ocean in low latitudes. It is chiefly for this 
reason that the northern half of the eastern hemisphere averages 4,6° F. 
(2.5° 0.) warmer than the southern half, and the eastern hemisphere 
1.8° (1° 0.) warmer than the western.®^ In the higher latitudes, 
the ocean is warmer than the land, especially in winter. For example 
in Europe between latitudes 47° and 52°, for each 10° of longitude 
farther from the west coast there is a decrease of 2.4° F. (1.3° 0.) 
in mean temperature and a decrease of 5.6° F. (3.1° C.) in winter, 
but an increase of 1.3° F.' (0.7° 0.) in summer.” 

12. Snow or ice-covered areas are notably _ colder than simUar area^ 
not so covered except those immedicdely. to leeward, chiefly because air 
temperatures much above tbe freezing point will not occur where snow 
or ice is widespread. After a temperature of 32° F. (0° O.) has been 
attained, additional heat received by the surface air usually melts the 
ice, and becomes latent energy instead' of raising air temperatures. 
Furthermore, the reflection from snow or ice lessens the effectiveness 
of solar radiation greatly, 40 per cent or even aa much as 70 per cent, 
according to Abbot. • A third factor reducing the temperature of snow- 
covered areas is the evaporation from the snow. Likevnse the snow 
mantle is a good non-conductor and also ai poor absorber of heat, and 
therefore interferes with the warming of the air by heat in the soil. 
These influences, together with the general dryness of the air in clear 
weather, often lead to low nocturnal temperatures over snowfields in 
clear weather. 

13. JTie vegetal cover affects temperature conditions . — ^Tn forests 
the air is cooler by day and warmer by nigiht, on the average, than in 

ssHann, loe. cit., pp. 179, 180. 

BiHann, loc. eit., p. 202. 

BBlbid, p. 138. 
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grasslands, and in other places poaseasing scanty vegetation. Vegeta* 
tion absorbs much radiation and reflects some also. Likewise it inter- 
feres bodily with the escape of heat from below, which effect is especially 
prominent at night. Ano>ther important way in which vegetation 
modifies temperatures is in promoting evaporation, a cooling process. 
It is largely because of the g;reater evaporating surface which the leaves 
afford that the temperatures in dense equatorial forests average less 
than those at coastal stationsL®® Additional effects of vegetation on 
temperatures are given under other laws,* 

14. Diurnal and seasonal lag usually increases with latitude, at learst 
in middle latitudes, and decreases with increased aridity . — ^Lag is due 
to the fact that heating is delayed, by the presence of ice, cold water, 
frozen or chilled soil and rock and that cooling is delayed by stored-up 
heat in water, rock, soil and wa.ter-vapor. There is less lag for atmos- 
pheric temperatures in arid regions than in humid regions because: 
(1) There are fewer clouds and less other atmospheric moisture to 
interfere with radiation; (2) there is little water vapor available for 
evaporation or freezing; (3) there is ;a' greater exchange of heat by 
conduction between the atmosphere and the land because the scanty 
vegetal co<ver is less effective than the denser vegetation of more humid 
lands in maintaining a layer of stagnant jair between the land and the 
atmosphere. Another cause of more effective conduction in arid regions 
is the greater exposure of firm rock there than in humid regions. Kock 
is a much better conductor than soil.®^ Air over the water reaches its 
maximum temperature sooner lafter the time of maximum heating thaif 
air over land (about 1 p. m., instead of about 2 p. m.).®® This is largely 
because, (1) water heats and cools so slowly that it has only a small 
diurml range and hence little positive effect .on the diurnal tempera- 
ture of the -air. Thus over the water air temperatures cease to rise 
almost as soon as insolation decreases. The temperature of the surface 
of the land is usually higher than that of the air for some time after 
noon, so that radiation and conduction from it continue to raise the 
temperature of the air. • (2) Sincd water is a better reflector than land, 
the decrease in the angle of incidence after noo'ri soon means a much 
greater reflection from water than from land with a correspondmgly 
greater decrease in effective insolation x^r unit area on the water 
(8) Increased evaporation with higjher temperatures also tends to pre- 

* See Laws 17, 19 and 23. 

«« Ibid, p. 138. 

87 Patten, H. E., Heat transference in Boils, U. S. Bwt, of SoiU, BvXl. 259, p, 49, 
1909. 

•esHaam, loc. cit., p. 13. 
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vent a further rise in water temperatures.*® In the intermediate zones 
the amount of seasonal lag averages about a month, but increases with 
latitude chiefly because of the corresponding increase in the amount 
of surface water, sno-w, and ice. 

The lag is greater in water than* in air and is still greater at moderate 
depths in the soil. Unless shallow, water is commonly warmest an 
hour or two before sundown, and two or even three months after the 
summer solstice. , It is coldest an hour or two after sunrise, and two 
or three months after .the winter solstice. The vertical circulation, and 
hence the amount of lag, is affected, however, by the salinity where 
average water temperatures are near 39° F. (4° C.), as fresh water 
is densest at 39° F. (4°‘ 0.), while oceanic salt water is densest at 
28° F. (2° 0.). Depth and heating being equal, the lag is greater in 
fresh than in saline water. The lag in soil varies with depth. At the 
greatest depth coinmonly reached by the diurnal change of temperature 
(about two to three feet, depending on the kind of soil and on the 
extent of the atmospheric diurnal range), the highest temperature is at 
night and the lowest by day. The seasonal change is normally inappre • 
ciable below 35 to 70 feet (11-12 meters), ev&n in regions of great 
seasonal range, and is much less than 35 feet in the tropics with their 
small seasonal range of temperature, and in polar regions with their 
fro 2 ien subsoil.^® Near the bottom of the zone of seasonal change in 
temperature in the soil wherever that zone is deep, the maxima usuall[s 
occur about five months later than they do in the air above. 

TtArroE IN Tempbratijee. — DiuTnaZ Itange^ 

15. TcjKfuge in iempeTctiv/re is gr&dtesi, ofheT tTwngs heing 

equal, wJieTe and when day and night we of equal length. Senae it 
normally decreases with increase in latitude, except near the equinoxes, 
when the reverse is true. — When nights are much shorter than days 
nocturnal cooling does not last long enough to reduce the temperatiire 
so much as when nights are longer. On the other hand short days sel- 
dom become warm enough to produce a marked diurnal range. Near 
the equinoxes, diurnal range tends to increase with latitude, because 
the decrease in absolute humidity characteristic of increase in latitude 
allows more rapid heating and cooling, in higher latitudes than in lower 

6» Only a fraction of the heat entering open water raises its temperature,- the 
rest causes evaporation. The fraction used for evaporation rises rapidly with in- 
creased temperature of the water and is very high in tropical seas. (jHann, loe. 
cit., p. 131). In northern United States and northern Europe, however, acclordihg 
to Birge, E. A., Trans. Wise. Acad. Sei., Vol. 18, 1914, more of the he 0 »t is used to 
raise the temperature than to evaporate the water. 

ao Bowman, I., Forest Physiography, p. CO, 1911. 
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latitudes. These normal relationships between daily range and latitude 
are interfered with in the cyclonic storm belts because intense storms 
occasionally increase daily range notably. Furthermore^ three influ- 
ences locally interfere with the normal seasonal occurrence of the great- 
est ranges. Instead of coming at the equinoxes, some places have a 
greater average range in winter, because of augmented storminess at 
that season, with resulting occasional sharp .temperature changes within 
24 hours. Places with dry seasons often have the greatest ranges in the 
dry months since aridity favors a wide range. * (S'ee Law 17, beyond.) 
Finally, iiseasonal changes in wind direction give some places near coasts 
a smaller range at one season than at another. (See following law.) 

16. Diurnal range in temperature increases with decrease m the 
influence of the ocean or of lakes as water tends to prevent the tempera- 
ture from rising notably by day and from falling low at night. The 
average diurnal range in the surface waters of the ocean varies from 
2-5° F. (l.l°-2.8° C.).®^ On the other hand, the average diurnal range 
over the land is more than 12° F. (7° C.) and the temperature of the 
surface soil or rock is often several degrees colder or warmer than 
that of the air a few feet above. The air over water is kept warm at 
night in three ways: (1) The large amount of heat given up by the 
water, due to its high speciflc heat. (2) The vertical movements, by 
which warmer and hence less dense water from below replaces the par- 
tially cooled surface water. (3) The abundance of atmospheric mois- 
ture and the frequent cloudiness above water bodies checks the loss of 
heat by radiation at night. 

17. Diwrnat ramge in temperature increases with aridity , on the 
average, — A. large range is less common in humid than in arid regions 
because humid regions have more atmospheric moisture, greater cloudi- 
ness, more evaporation, more condensation, more dense vegetation and 
more moist soil. In humid regions atmospheric moisture greatly hin- 
ders surface absorption and loss of surface heat by radiation, and in 
addition clouds often check insolation by day and loss of heat by radia- 
tion at night. Furthermore, in moist areas much heat is used during 
the day to evaporate water. This latent energy is returned to the air 
as heat when condeaisation takes place, as when dew is formed at night. 
The greatly increased evaporation at higher temperatures is an impor- 
tant factor in preventing temperatures from rising much above 100° F. 
(38° 0.) in moist regions. Twice as much moisture can be contained 

Ward', R. De C., Climate, p. 37; quoting from Challenger Report. For an ex- 
cellent summary see: Buchan, Alex., Meteoroliogical Results of Challenger Ezpedi* 
txon, Proceed. Boyal Geogr. Soc,^ Vol. 13, pp. 137-156, 1891. 
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in a, given space at 108° F. (42° C,) as at 90° F, (32° 0.). The 
formation of fog and clouds at night often prevents frost by liberating 
heat in condensation as well as by checking the loss of heat by radia- 
tion. * The infltience of cloudiness on nocturnal cooling is well iUus- 
trated by data reported by Hellman.^^ On a clear night in Germany, 
the average temperature one-half meter above the surface is 6.7° F. 
(3.7° C.) higher than at the surface, while with an overcast sky there 
is no difference. Furthermore, when the sky is one-tenth overcast the 
temperature contrast is oue-tenth less than on a clear night. Dew for- 
mation with its notable release of latent heat of vaporization is also 
often significant in preventing low temperatures. Sometimes it pre- 
vents frost. Indeed, the lower the relative humidity at 8 p. the 
greater is the expected cooling by morning.'®® The influence of vegeta- 
tion and soil in affecting conduction has been mentioned. (Law 14.) 

Even in deserts certain influences prevent excessively high air 
temperatures by day: (1) The loss of heat by radiation isi rapid because 
of low humidity and slight cloudiness; (2) the rate of radiation in- 
creases rapidly with increases in temperature (varying as the fourth 
power of the absolute temperature for black bodies — Stefan’s Law) ; 
(3) conduction of heat into the earth is favored hy the abundance of 
bare rock; (4) the prevalent convectional winds hy day carry much 
heat aloft; (5) the increased dustiness induced hy the high winds and 
whirlwinds checks insolation. These five influences* and the shortness 
of the days, usually prevent the occurrence of temperatures higher than 
about 120° F. (50° 0.). Low temperatures at night are delayed, not 
prevented, by the duist because most dust in deserts is coarse and low 
and much of it settles during the prevailingly calm nights*. Further- 
more the dust radiates heat readily and before morning is colder than 
the surrounding air, which it then helps to cool by conduction. Whereas 
the daily range in air temperature in humid areas is often less than 
10° F. (5.6° C.) and commonly lees than 20° F. (11° 0.), in warm 
deserts' it is* usually more than 30° F. (16° 0.), oftem'more than 50° F. 
(28° C.), and not rarely 70° F. (39° 0.). Indeed dark-colored rocks 
in the Sahara often experience a diurnal range of nearly 176° F. (80° 

18. Diurnal rarige in temperature increases with altitude up to the 
snow-line for places similarly exposed^ except an some valley slopes . — ^ 

«^Mo. Weather Bev., Yol. 48, p. 38, 1920 

loc. cit., p. 145. Por a much fuller discuseion of this point see Smith, 
J, Warren, : Predicting minimum temperaturea from Hygromietric Data, Mo, Weather 
Bev,, Supplement, No. 16, 1920. 

«4Hann, loc. cit. p, 147, quoting Wklther. 
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This is because at Mgber altitudes there isi progressively less air, less 
water vapor, less OOa and less dust. Decrease in these latter substances 
is significant because together they absorb nearly all of the radiant 
energy absorbed by the air.®® Air pressure is significant in this con- 
nection because molecules of all gases scatter or diffract an important 
fraction of solar radiation.®® Above an elevation of two miles (3 km.) 
the scattering is chiefly molecular. Below that level, dust is impor- 
tant.®^ Scattering interferes with the passage of radiant energy. 
Hence, because of lessened atmospheric absorption and lessened dif- 
fraction, a larger fraction of solar radiation is available at high than 
at low altitudes for daytime warming of favorably exposed surfaces. 
For the same reasons the loss of heat by radiation isi very rapid at 
night, and by day from places in the shade. Certain conditions at high 
altitudes are adverse to large diurnal range, but are not sufficient to 
prevent a general increase in range with increase in altitude.®® For 
example: (1) In spite of the frequently large ranges of temperature 
of favorably exposed rocks, air temperatures are slightly affected because 
the air normally passes too rapidly, because of the strong winds, to be 
affected appreciably by conduction or radiation from or to the small 
rock is-urface. (2) The ^^down drainage’^ of cool, heavy air at night 
often results in valleys being cooler than adjacent heights of moderate 
elevation. The cool air moves outward from the jhillside and slightly 
downward as the colder air lower in the valley settles. It is replaced by 
somewhat warmer air from greater distances from the cold surface. 
The accumulation of cold air in valley bottoms results in the zone of 
highest temperatures being found some distance up on the valley sides, 
though below the normally colder hilltops and peaks. Such warmer 
zones are sometimes ^ffrost free^^ in the fruit-growing season.®® In 
free-air the diurnal range decreases with height. There is often a 
difference of 5® F. (3° 0.) between the surface temperature and that 

65 Aocording to Ganot’s Physics, (p. 630») CO^ has 90 times the absoTptioa power 
of ordinary air, and water vapor has 70 times the absorption power of dry air. For 
a fuller discussion of this subject, however, see Humphreys, Physics of the Air, 
pp. 88, 606-608, 1920. 

66 Abbot, Powle and Aldrich, T^noceedmffs N>at*l Aoad. of Sd., June 15, 19|15, 
pp. 331-33, and, more fully, in Annals of the Astrophysical Ohservaiory, Smithsonian 
Institution, Vol. 3. 

67 Angstrom, A., Scattered radiation from the dky, Mo, Weather Bev,, Vol. 47, 
p. 797, 1919. 

•esHann, loe. cit., p. 238. 

«6See Cox, H. J., Thermal belts in the North Oarolina Mountaia Hegion, and 
their Eelation to Fruit Growing, An/ndXs Assoe, Am, Geographers, Vol. 10, pp. 57-68, 
1920. 
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of the air five feet (1J4 meters) above, and sometimes in dry areas 
there is a difference of 14° F. (8° C.)^° This is because air is a much 
poorer radiator than soil or rock. 

19. Diurnal range in temperature increases with decrease in vege- 
tation: (1) Bare soil or rock, especially if dark-ooloredj as it com- 
monly is, absorbs more radiation than do most plant-covered areas. 
There is much reflection from leaves, many of which are light-colored 
and most of which are somewhat shiny. (2) There is more evaporation 
from vegetation than from the average soil or rock-covered area. (3) 
A small part of the energy absorbed by plants is used in photosynthesis 
becoming latent in carbohydrates. (4) Vegetation hinders the escape 
of heat from the soil, and from the entrapped air, especially at night 
and thus delays cooling sufficiently to prevent minima so low as those 
reached in bare areas, or in the air above the vegetation. The escape 
of heat is reduced by the absorption of radiation from the so*il by the 
subaerial parts of the plants and the subsequent return of part of this 
energy to the earth by downward radiation. The greater humidity of 
the air near plants as compared with more remote air acts in the same 
way. Furthermore, vegetation interferes bodily with convection. The 
way in which vegietation decreases the loss of heat at night by conduc- 
tion has been mentioned in Law 13. Because of these influences the 
dinmal range in forests averages several degrees less than in adjacent 
fields.*^^ However, when deciduous trees leaf-out in spring, frost is 
perhaps sometimes induced by the sudden increase in evaporation.'^^ 

20. Diurnal range in iemperatwe differs with differences of slope. 
— slope inclined toward the noonday sun is heated more during the 
day than one not so inclined but both cool to nearly the same tempera- 
ture by morning. Steep slopes usually have less range than gentle 
slopes equally well situated in respect to insolation, because on steep 
sloipes warm air is more quickly removed by upward convection during 
the day, and cold air by drainage downward at night and thus the 
temperature of the surface on steep slopes is more nearly equal that 
of the free-air, than is the case with gen-fle slopes. 

Irihrdiurnal Variability. 

21. Interdifurnal temperature variability increases with latitude up 
to subpolar latitudes if other conditions are equal . — lu tropical latitudes 
nearly all days /have similar temperatures, as do the nights. In high 

70 Hann, loc. cit., p. 42. 

Tipernow, Abbe, and 'others, Porest Influences, BvM. 7, Forest Service, U. 8. 
Dept, of Agri,, 197 pp., 1893. 

72 Mayer, A. d., Radiation and absorption of heat by leaves, Am, Jour, Sci., 3xd 
series, Vol. 145, pp. 340-346, 1893. 
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latitudes there is great contrast among both the days and the nights. 
This variation is the result of: (1) Increased disparity in the length 
of day and night with increase in latitude; (2) the fact that in middle 
and high latitudes, wind direction is much more significant in changing 
local temperatTires than in low latitudes, where almost all winds are 
warm; (3) storms also increase the variability, and storms apparently 
increase in frequency and intensity, on the average, with latitude to 
subpolar latitudes. • One of the ways in which storms cause this vari- 
ability is in producing interdiurnal changes in cloudiness. 

Seasonal Range* 22. Annual or seasonal range in temperature inr 
creases with latitude to the region of persistent snow and ice because 
of the increased sdgnificance of the changes in the angle of insolation 
and the increased contrast in length of day and night. Long days in 
summer tend to produce high maxima. Long nights in winter tend to 
produce low minima. There is a rapid lowering of minima with 
increase in latitude and a less rapid lowering of maxima. As minus 
departures from the normal temperature are usually greater, and often 
twice as great as the plus departures, low minima are more important 
than high maxima in producing great seasonal range. The regions of 
extreme range are therefore on the continents in high latitudes where 
the winters are long but where snow does not persist throughout the 
year and thus prevent high maxima ; i. e., in the interiors of ISTorthern 
Asia (range 170® F. ; 94° 0.), and in northern North America (range 
160° F. ; 89° 0.). The extreme range in the Sahara is only 90° F. 
(50° C.). Near the equator the average annual range, based on 
monthly means is 5° F. (3° C.) or less; for latitude 20; about 13°‘ F. 
(7° 0.) ; for latitude 30, about 18° F. (10° C.) ; for latitude 40, about 
26° F. (13° 0.) ; and for latitude 50, about 46° F. (25° The 

average annual range for the land based on extreme maxima and 
minima is about 40° F. (22° 0.) near the equator, about 80° F. 
(44° 0.), in latitude 30, and about 120° F. (67° 0.) in latitude 60.'*'^ 

23. Annual or seasonal range in temperature iecomes greater with, 
decreases in the influence of the oceans, in the amount of moisbwre 
present in the air, soil or on the surface, and with reduction in vegetor 
Hon, because conditions favorable for high temperatures by day, favor 
high summer averages and maxima, and conditions favorable for low 
temperatures at night favor low winter averages and minima. (See 
Diurnal range, Laws 15-20 for reasons^) Marine climates have little 
range compared with continental climates. The average annual range 


7sgupan, quoted by Hann, loc. cit., p. 135. 
TtFrom Bartholomew’s Charts, loc. cit. 
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in marine climates is 15° F. (8.3° 0.) for latitude 35 N., and 14.8° F. 
(8.2° C.) for latitude 60. For continental climates, latitude 40 has a 
range of 52° F. (29.6° C.), and latitude 60 a range of 88° F. 
(48,6° 0.). The mean for these different latitudes gives the range 
for marine climates as 14.8° F. (8.2° 0.), while that of the continental 
climates is 70° F. (39° C.), or nearly five times as great. The con- 
trast between continental and marine climates is on the average less in 
latitudes 0-40 than in higher latitudes, because annual range decreases 
with latitude. Nevertheless it remains notable. 

American examples of seasonal range follow:^® Western Oregon 
has a normal seasonal range of only about 18° F. (10° C.), while South 
Dakota has a range of 60° F. (33° 0.). The extreme ranges for these 
places are about 85° F. (46° 0.) and 165° F. (91° 0.), respectively 
Because of the increased dominance of continental conditions^ seasonal 
range commonly increases toward the east on land areas* in the westerly 
wind belt, although the eastward increase in humidity, as in the eastern 
United States, tends to counteract this influence. Examples of the 
increase in range toward the east are: Southwestern Arizona has a 
monthly range of 30° F. (17° O.) and Northwestern Georgia, one of 
35° F. (19° 0.) the extreme ranges at Yuma, Ariz., and Columbus, Ga., 
are 100° F. (55° 0.) and 112° F. (62° C.), respectively. Nevada has 
a monthly range of almost 5° F. (2.8° C.) less than Illinois or Penn- 
sylvania. Some stations in southern Minnesota have less range than 
some in northern New York, in spite of the tempering influence of the 
Great Lakes. An illustration of the influence of vegetation on annual 
range is the fact that in Austria the average temperature in the forest 
is 2° F. (1° 0.) lower in summer than outside of forestsi, while in 
winter the difference is negligible.'^^ 

24. Anmuil or seasonal range increases with altitude up to the mow- 
line, because at high altitudes heating of slopes inclined toward the 
sun is less interfered with by dense atmosphere, dust and mosture, than 
at lower altitudes, while cooling at night and in the winter is facilitated 
by the normally strong winds and by the reduced atmospheric inter- 
ference with the escape of heat Lofty plateans have a greater range 
than lowlands in similar latitudes.. For example, stations with an 
elevation of 5,000 feet (1500 m.) in eastern Oregon have a seasonal 
range of about 10° F. (5.5° 0.) above that in eastern Washington at 

TsHann, loc. cii, p. 142, 

76 Charts of Normal Temperatures and Extreme Temperatures for the United 
States, TJ. S. Weather Bwream, 1912, 

7THann, loe. cit., p. 31. 
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an elevation of less than 1,000 feet (300 m.) but otherwise similar.’’^® 
Above the snowline, however, the seasonal range is not so great because 
snnuner temperatures are prevented from rising nearly so high as they 
do below the snowline, , 

'25. SeasoTial range in temperature is affected by topography . — • 
Slopes inclined sharply toward the midday sun are warmer in summer 
than those not so inclined, while in winter they may be equally cold, 
and thus; have the greater range. Favorably situated valleys are usu- 
ally warmer than nearly level stretches (although they may sometimes 
be notably colder at nigjbt — see No. 18, above). Such valleys are 
normally warmer because: (1) Foehn breezes or winds often prevail; 
(2) the more effective heating of those portions which receive vertical 
insolation may more than compensate for the less effective heating of 
slopes not so favorably situated for heating as are level tracts: (3) 
Radiation from .the sides of warm valleys interferes with loss of heat 
by radiation from the valley bottom, or in case of a narrow valley, from 
the other side,^® probably because of the larger radiating surface in 
proportion to the volume of air within the valley receiving the radiated 
heat. Some favorably located areasi have their temperatures notably 
affected by reflection from water bodies, snow, or light soils. The 
maxima are often several degrees higher than those at nearby points. 
The minima are usually as low, because diurnal and extreme minima 
normally occur at night , Furthermore, by day the sun shines at a 
lower angje in winter and the reflection thus affects a different area. 

Variability from Year to Year. 26. Variability or irregula^ty in 
temperature conditions from year to year and for corresponding months 
tends to increase with latitude nearly to the region of persistent snow, 
with^pridity, with stormvness, and with decrease in the influence of 
the .ocean, — ^Equatorial days and seasons resemble one another strih- 
ingly in so far as temperature is concerned, while in mid-latitudes, no 
year or season is ^^normal.” Temperatures are distinctly more uni- 
form in humid areas than in arid regions otherwise similar. Variabili- 
ity increases with latitude for a number of reasons: (1) Slight fluc- 
tuations in the effectiveness of insolation and radiation are more ap- 
preciable where little insolation is received .than where much is received. 
Differences in cloudiness and precipitation produce fluctuations of this 
sort in high latitudes. (2) Changes from year to year in direction 
and velocity of the wind produce greater changes in temperature in 

78 Charts of Normal Temperatures and Extreme Temperatures for the tTnited 
States, U, S. Weather Bureau, 1912. 

79 Davis, loo. cit., pp. 31, 157. 

80 Hann, loc. oit., p. 40. 
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than in low latitudes, where nearly all winds are warm. Differ- 
ences in storm paths and storm inteaisity produce many such changes 
in the average wind direction for the year. (3). In so far as stormi- 
ness increases with latitude it helps to explain this law. The greater 
variability of weather in winter than in summer is largely due to 
greater storminess in winter. The stabilizing influence of snow and 
ice mates polar conditions somewhat more uniform in some respects 
than those in subpolar regions. Variability increases with distance 
from the ocean because of the lessening influence of that great stabilizer 
of temperature conditions. ' Variability increases with aridity because 
irregularity in the amount of clouds and surface water increases in 
that direction. An exception to this latter rule occurs in extremely 
arid regions on the lee side of mountains where conditions are fairly 
uniform. Illnstrations of this general law are Hann’s statements that 
a 40-year record would be required in Central Europe to obtain as 
accurate an average annual temperature as a two-year record from Java 
would give. In Siberia records for more than 100 years would need 
to be averaged to obtain a monthly average as. accurate as a five-year 
record would give in J ava. . Eight hundred Siberian winters would 
give an average no more nearly correct than would 100 summers.®^ 


siHann, loc. oit., pp. 9, 10. 



CHAPTER III 

LAWS CONCERNING WINDS 

Kinds or Winds. 

27. There a^re three great hinds of winds: (1) planetary^ (2) cofir 
tinental^ and (3) cyclonic. — Tke first are due ckiefiy to latitudinal 
differences in insolation; the second to differences in keating and cool- 
ing of land and water. Cyclonic winds are due in part to other causes, 
not well understood. Minor winds include mountain and valley breezes 
and winds associated with tides, land slides, earthquakes and 
explosions.®^ 

Direction or Winds. — Effects of Temperaiwre Differences. 

28. Surface winds commonly blow from colder areas to neighboring 
warmer areas because warm areas usually have lower air pressure thorn 
nearby cooler areas ^ and winds blow from places of higher air pressure 
to places of lower air pressure^ though at a small angle to the isobars 
where friction is slight. — Great insolation along the heat equator gives 
rise to persistent winds (the planetary circulation). Other more local 
winds, due indirectly to differences in air temperatures, are land and 
sea breezes,®^ monsoons, and valley and mountain breezes. There are 
two exceptions to this general rule. If an area is excessively heated for 
a very short time, only the flow of air away from the heated area has 
time to take place.* Furthermore, with every mid-latitude cydonio 
storm, part of the wind comes from warmer areas. 

29. A great system of winds (the planetary circulation) results from 
the combined influence of intense equatorial heating and of the eartbf s 
rapid rotation. — ^Intense insolation produces low pressure along the 
thermal equator.®^ The deflective effects of the rotation of the earth 
produces low pressures in high latitudes (lowest about 60 instead of 
near the poles largely because of the chilling influence of the snow 
caps).®® Between the equatorial and subpolar belts of lower pressure, 
a belt of relatively high pressure occurs near the margin of the tropics 

«2S]iarW, W. N.: Principia Atmospherica, Laws of Atmospheric Motion, 3£jo. 
Weath&r Bev., Vol. 42, pp. 196-209, 1914. 

83 Ward, B. De C., Land and Sea Breezes, Mo. Weather Bev., Vol. 42, pp. 274-277, 
1914. 

* See Law 32, beyond. 

s4 Blair, W. B., The Planetary System of Convection, Mo. Weather Bev., Vol. 44, 
pp. 186-196, 1916. 

85 Shaw, W. N., loe. cit. pp. 208, 209. 
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(averaging about 85^ N. and 30^ S., but shifting with the seasons). 
From the barometricallj high©^^ parts of this high pressure belt, winds 
blow toward the equator (the Trades) and toward the poles (the West- 
erlies in. part). These higher centers of the Belt of Highs lie over 
the ocean because of the comparatively low temperature therCj caused 
in part by the up-welling of cold waters.®® The Horse Latitude Highs 
are maintained by the Anti-trades supplemented by the centrifugal 
force between the eastward blowing Westerlies and westward blowing 
Trades, f 

*j“Tlie importance of tlie planetary circulation is so great that it seems worth 
while to supplement the f oregoing simple statement with a fuller one which presents 
the causes in another way. This statement is based on one kindly contributed by 
C. P. Brooks. 

The great heating of the air in the tropics results in a greater expansion there 
than in any other belt. The consequent raising of the layers of air especially over 
the heat equator causes a poleward overflow. Before reaching many degrees of 
latitude from the equator the deflective ejects of the earth’s rotation begins to 
affect this overflow until by the time latitude 30 or 35 is reached the poleward 
flow is largely arrested, by being converted into an eastward movement. The flow 
of air from the equatorial regions and its concentration at latitudes 30-35 N. and S. 
makes a low pressure belt in low latitudes and high pressure belts on either side, 
at the earth’s surface. The low pressure belt is developed most strongly over the 
lands, where the expansion due to heating is greatest, and the high pressure belts 
are best developed over the oceans where the coolness allows a greater compactness 
of air than is possible over the hotter lands. In high latitudes the cooling over 
the polar ice-caps contracts the air and allows an inflow from the surrounding 
regions. Jn high latitudes, however, the defective effects of the earth’s rotation 
are so great that such inflow can come from but limited distances. The result is 
the development, at the surface, of high pressures over the polar ice caps, and of 
broken ^gs of low pressure at latitudes 60 to 65. Here as in low latitudes the 
lowest pressures develop over the waxm^t portion for the latitude (here the ocean in 
winter, the land in summer), and the highest pressures over the coldest portion, the 
reverse. The surface winds induced by these belts of pressure tend to modify them 
by centrifugal action, which in the case of the westerly winds of middle latitudes 
intensifies the subpolar low pressure belts and the horse latitude high pressure belts, 
particularly over the oceans, where the slight friction favors strong winds. (The 
deflective effect of the earth’s rotation, per se, cannot modify the wind velocities, 
and therefore cannot modify gradients. It does, however, prevent the winds from 
obliterating gradients rapidly by direct flow. Centrifugal action, however, on curved 
wind paths can increase the gradient of pressure, and thus increase the wind.) 
Middle and high latitude lands in winter and intermediate and low latitude lands 
in summer, acting by themselves in cooling or heating the air, produce on a smaller 
scale the changes and circulation characteristic of the planet as a whole, and. being 
superimposed on these worldwide changes, greatly complicate the distribution of 
pressure and the resulting winds. 

w MeEwen, G. F., Peculiarities of the Californian Climate, Mio, Wectiher Bev,, 
Vol. 42, pp. 14-23, 1914. Humphreys, however, believes that friction is the chief 
factor. 
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30. Appreciable local differences in the heating or cooling of the 
eartWs surface often deflect general surface winds. Oool areas such 
as snow-fields and lakes in summer often divert surface winds because 
such places commonly have a comparatively high air pressure, and 
hence tend to have outblowing winds.®’^ Winds also sometimes change 
their direction during the day, blowing toward the area of greatest 
insolation.®® Likewise lake and sea breezes often shift conspicuously, 
chiefly because of the deflective effects of the earth^s rotation, but partly 
because of the hourly changes in the area of greatest heating.®® 

31. Winds are deflected by the rotation of the earth, to the right- 
in the northern hemisphere a(nd to the left in the southern. (nTerrePs 
Law.)®® The deflective effect of the earth’s rotation increases as the 
sine of the latitude from nil at the equator to a strong effect near the 
poles.®^ As a result of this deflective effect the Trades are easterly 
instead of north or south winds, and the planetary winds of mid- 
latitudes are westerly, instead of north or south winds. Land and sea 
breezes ^Weer” notably in the northern hemisphere and “back” in 
the southern chiefly because of this deflective effect. The direction of 
the winds about Lows and Highs and in tropical cyclones also complies 
with Ferrel’s Law. 

Effects of Topography. 

32. The prevailing wind direction is peculiar at many points, espe- 
cially in rugged regions, because surface wind directions are influenced 
by topographic features. — ^Mountain ranges and lesser elevations fre- 
quently idivert winds, for winds tend to descend valleys and other 
slopes,®® because -gravity interferes with ascent but facilitates descent. 
For the same reason wherever slopes are ascended by general winds, 
valleys are often followed conspicuously.®® 

87 Henry, A. J., The Winds of the Lake Region, Mo. Weather JRev., Tol. 35, 
pp. 516-520, 1907, and Davis, T. H., Direction of I^ocal Winds as Affected by 
Contiguous Areas of Land and Water, Ibid, Yol. 34, pp. 410-413, 1906. 

ssPernter, J. M., Causes of Diurnal Changes in Wind, Mo. Wjeather Bev., YoL 42, 
p. 661, 1914. 

«» Humphreys, W. J., in National Research Council, Introductory Meteorology, 
p. 106, 1918. 

90 Ferrel, Wm., A Popular Treatise on the Winds, 1890. 

91 For table showing radius of curvature of deflection for different latitudes see 
Davis, WL M., Elementaiy Meteorology, p. 104, or Milham, W- I., Meteorology, 
p. 161. 

92 Day, P. 0., Winds of the D. S., YearhooTc of the Dep^t of Agriordture for 1911, 
p. 340, and Henry, A. J., Climatology of the U. S., Bidl. Q., If. S. Weather Buream, 
pp. 67-75, 1906. 

9» Davis, W. M., Elementaiy Meteorology^ p. 98, Figs. 29, 30 j 1894, 
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Pig. 3. — Average Pressure and Winds in ’January. (Prom Huntington and Cushings’ Principles of Human Geography.) 
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Seascmdl Changes in Direction. 

33. A seasonal change in average wind direction is common. Oliaiiges 
are produced in three ways; (1) By the seasonal migration of the 
wind belts, (2) by the development of typical monsoons,^ (3) by the 
frequent deflection of the planetary winds caused by high and low 
pressures produced by unequal heating and cooling of continent and 
ocean. Many subtropical areas are within the Trade Wind belt in 
summer and within the Westerly wind belt in winter. Other subtropi- 
cal or warm temperate areas have land monsoons in winter and ocean 
monsoons in summer. F arther north, in the northern hemisphere, there 
is likewise a seasonal change in average wind direction due to changes 
in average barometric pressure. Continents commonly have high aveiv 
age pressures in winter and low average pressures in summer. Thus 
there is a strong tendency for barometric minima to develop over 
oceans in winter. Hence southerly or westerly winds predominate m 
winter on western coasts, and northwesterly winds on eastern coasts. 
For example, southwest winds predominate in winter in western 
Europe and in western [N^orth America, north of California, while 
northwest winds prevail in eastern ISTorth America and in eastern Asia. 
Conversely, in summer low pressure over the drier parts of the conti- 
nent commonly give rise to southerly winds on the eastern side of the 
continents, and northwesterly winds on the western side. For example, 
the average wind direction in summer for the eastern half of the United 
States, is from the southwest or south and that of eastern Asia from 
the southeast, while at the same time western Europe and western 
United States are having northwesterly winds.®* 

Changes with Altitude. 

34. Wind direction aloft is differerd from that nearer the surface^ 
usually being more to the right of the surface direction (in the north- 
ern hemisphere). At higher and higher elevations up to a height of 
about 2,000 feet ,(610 m.) the wind makes a progressively greater angle 
with the line representing the steep^t gradient, that is, they blow at 
a smaller angle with the isobars. This is because with decrease in fric- 

s^Hann, loe. cit., pp. 172-178, gives several tables stowing average monthly wind 
directions for stations in Europe, Asia, and Korth America, He also states that 
continents resemble cyclones in summer and anticyclones in winter. KiJppen^s charts 
for normal wind directions on the ocean for July-August and Jan.-Feb. are repro- 
duced in Moore’s Descriptive Meteorology and in Humphreys, Physics of the Air. 
See also Ward H. De C., The Prevailing Winds of the IT. S., Awmls Assoc. Am., 
Geographers, Vol. 6, 1916, pp. 99-116 (abstracted in Me. Weather JSev., Tol, 47, 
pp. 575-576, 1919). 
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tion the flow of air with a given gradient is more rapid, and therefore 
the deflection is greater, thus bringing the wind direction more nearly 
parallel to the isobars^ At even higher elevations, where friction is 
only slightly less, wind direction continues to change, becoming pro- 
gressively more nearly parallel with the isobars, which at high altitudes 
seldom depart more than 30° from an east-west direction. This change 
is because of the increase in * centrifugal force which accompanies 
increased velocity, and occurs in spite of the fact that the decrease in 
the earth^s rotational deflective effects, which accompanies the increase 
in wind velocity with altitude, tends to make the wind direction less 
nearly parallel to the isobars. The weakening of the pull of gravity 
permits the centrifugal tendency to overcome the tendency to turn to 
the right (northern hemisphere).®® 

Diurnal Changes. 

35. Surface wmdis at law altitudes often veer during the day] 
ar\d hack^^ at night. At higher altitudes the diurnal shifting is com-^ 
monly in the 'opposite direction. — diurnal change of 12° in wind 
direction is common. This shifting is due largely to convectional inter- 
change between the wind at the earth surface and that at a moderate 
elevation. During the day, convection causes masses of air from above 
to descend to the surface. These layers tend to retain their somewhat 
different direction of general movement, mentioned in the preceding 
law. Hence at low* altitudes there is a tendency tO' shift to the right 
in the northern hemisphere (^^veer’’). At night, when convection is 
much less intense or is lacking, the surface friction forces the wind to 
blow at a larger angle with the isobars and as this adjustment takes 
place the wind shifts counter-clockwise hacks ^0- higher alti- 
tudes, a few hundred feet above the surface in winter and 2,000 or 
3,000 .feet (610 or 914 meters) in summer,®® the wind direction 
changes in the opposite way to that at low altitudes because at night 
less friction is induced by upward convection than by day, since there 
is comparatively little convection at night. Hence the air at higher 
levels can flow at a smaller angle with the isobars by night than it can 
by day. Along coasts there is often a marked progressive shifting in 


See Shaw and others, MeteoroL Glossary, loc. cit., pp. 134-137, 171-173 and also 
Humphreys: Wind Velocity and Eleration, Mo. Wecether Mev., Vol. 44, pp. 14-17, 
1916. 

^^Hellmann, Mo. Weather Bev., Vol. 45, p. 454, 1917 j Dunoyer and Eehonl, Mo. 
Weather \Rev,, VoL 46, p. 211, 1918. Taylor, Mo, Weather Bev., Vol. 46, p. 211, 
1918. 
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tbe land and sea breem Soanetimes it reaches nearly 90®.®^ This 
shifting is produced chiefly by the deflective effects of the earth’s rota- 
tion on the air which comes from a progressively greater distance from 
the shore line until the breezes finally die down. 

WiiTi) Velocity. — Variations with Latitude and Altitude* 

36. Average wind velocities increase with latitude to about ^5° ot 
55^ N. and 8., except for the horse-latitude calm belt, — This is because 
winds strengthen, on the average, with the steepening of the barometric 
gradient and the greatest average interzo-nal gradients are about 4:5°-66° 
hr. and S. The correspondence between gradient and velocity is not 
constant, however, because of various influences, some of which are 
mentioned below. Normally in mid-latitudes, a ten-mile-an-hour (4.5 
meter per sec.) surface wind is to be expected when isobars represent- 
ing a barometric difference in pressure of one-tenth inch (3.4 mb.) 
are 170 miles (270 km.) apart, a 25-mile (11.2 meter per sec.) wind 
when such isobars are 70 miles (110 km.) apart, and a fifty-mile wind 
(22 m. p. s.) when 35 miles (66 km.) apart.®® Above the surface 1500 
feet (460 meters) or so the wind is little affected by surface conditions 
and hence the relation between gradient and velocity is much closer, 
as is also the case at sea. Under such conditions the winds become 
almost gradient winds. The velocity of gradient winds is almost exactly 
doubled as the distance between isobars is halved. Where isobars of 
.3 inch (10 mb.) are about 900 miles (1450 km.) apart, the wind blows 
about 11 miles per hour (5 meters per sec.), and where about 100 miles 
(161 km.) apart, the velocity is about 100 miles per hour (46 m. per 
sec.). The gradient velocity increases, however, with latitude, about 
20 per cent between latitudes 40 and 62, and decreases with increasing 
temperature, about 10 per cent between 32° F. and 104° F. (0° 0. 
and 40° O.).®® The increase in average velocity with latitude (to 
about 45 or 65 N. and S.) is also associated with the average increase 
in storminess to about those latitudes. Furthermore, wind velocities 
are on the average slight near the equator partly because the deflective 
effect of the earth’s rotation is so small there that the air flows rapidly 
into an area of low pressure and fills it promptly and then dies away 
instead of circling round and round as it does in higher latitudes. The 
decrease in average velocity in polar regions is not due to the total 
lack of strong winds, for gales., usually of the drainage or the monsoon 

97 As at the Chicago Crib in JrJy ^here the wind is normally from the east at 
1 P. M. and shifts to nearly due south by 10 P. M., Davis, loc. cit., p. 135. See 
also Cox and Amington, The Weather and Climate of Chicago, p. 305, 1914. 

9s Walz, after Gr. Guilbert, in Weather Porecasting in the XT. S., p. 140, 1916. 

99 Computed from Shaw, Meteorol. Glossary, pp. 172-173, 
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type but siometimea fo^s, often oocuir loeally iu poiar regions, ©spe^ 
cially near the edges of glaciers. However, calms are frequent, so the 
average wind velocity for polar regions is low.^°^ 

37. Wind velocity normally increases with aliiiude, rapidly over 
an area^ of miMch surface friction and less rapidly over an area of little 
friction^ such as the sea. .There is commonly a rapid increase in velocity 
from the surface up to- the height of the taller local objects interfering 
with air movement (trees, hills, etc.).^^^ Above that level the. increase 
is at a much lower rate; between 2000 fe^t and 3300 feet (600 and 
1000 meters) there may ,be uo considerable increase. Above an eleva- 
tion of a mile or so (2 km.), there is an average increase of between 
one and two miles per hour (.6-.9 m. per sec.) for each rise of 1000 
feet (300 m.), up to an elevation of ihree to hve miles (5-8 km.), an 
increase in velocity suj9B.cient to compensate for the decrease in density, 
so that each 1000-foot layer carries the same mass of air past a given 
line per hour. (Clayton’s Law, often known as Egnell’s Law). The 
velocity increases to an altitude of about five miles (8 km.), where it 
often reaches more than 100 miles per hour (45 m. per 560.).^°“ Beyond 
the five-mile level (8 km.), Clayton’s Law does not hold, and the 
velocity falls. 

38. Surface winds average stronger over smooth surfaces than over 
rough, in similar latitudes because surface friction reduces the velocity 
which can occur with a given barometric gradient. Hence winds are 
normally stronger on water than on land, stronger on plains than over 

100 Ward, Climate, p. 174, Wilkes Land in the Antarctic is an exception (Ibid, 
p. 176), There cyclonic storms are severe. Also see Simpson, G, E., Thje Keteorology 
of the Antarctic, Mo, Weather Bev,, Vol. 49, pp. 305-306, 1931. 

101 The greater velocity commonly recorded at XT. S, Weather iBiireau Stations in 
large cities than in small places is because the city aneometers are located on 
relatively tall buildings. Near the ground the average velocity of the wind is 
proportional to the 4th or 5th roots of the heights, according to HeUmann, Mo, 
Weather Bev,, Vol. 47, p. 574, 1919. In other words, according to Chapman, (Ibid, 
p. 672) it is a lineal function of the logarithm of the height. 

102 Humphreys, W. J,, Wind Velocity and Elevation, Mo. Weather Bev,, Vol. 44, 

pp. 14-17. However, Maurain, C., Ibid, VoL 47, p. 809, 1919 gives much lower 
velocities. He reports the maximum velocity experienced by many balloons to be 
15.6 meters per sec., (35 miles per hour) and at 11,000 meters 67 miles. Above that 
height a decrease occurs to about 18 miles per hour (8m. per sec.) at 19,000' m, 
(12 miles). Velocities in excess of 100 miles an hour (45 m. per sec.) are rare, 
according to these French balloom data, but one baUoon travelled at the rate of 
123 an hour (55 m. per sec.). A balloon over England travelled 180 mdles 

per hour (80 m. per sec.) at 26,000 feet (7925 m.) on Jan, 19, 1920 Ibid, Vol. 48, 
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ru^ed areas, and stronger over grass-covered or barren areas than oyer 
forests. A mantle of snow or ice also tends to increase wmd velocity 
by leftaftTiing friction. The average velocity of surface winds on the 
sea is estimated to be twice that of winds on land.“®_ Hence along the 
coasts the average velocity is notably higher than it is a short distance 
Tor example, the wind velocity is often only half as great on 
the east coast as on the west coast of the British Isles, with a west wind 
and equal barometric gradients.^®* 

Effects of Insolation and Humiditi/. 

39. Winds are often especially strong at tie surf^e ly day in places 

of great insolation . — This is because convection is strong and hence 
rapidly moving air from above replaces the warmed air as it rises, in 
fact causes it to rise. Where much air is quickly warmed, large amounts 
of rapidly moving air usually descend. Even if they do not descend to 
the surface, they increase the friction between the surface layers and 
the faster moving upper layers, which tend to drag the lower air along. 
The extent of this knitting by day has been discovered by aviators 
who find that currents induced by local convection are often noticeable 
at heights of 2000 feet (600 m.) and sometimes 10,000 feet (3,060 m.) 
or more above the surface on clear days.^®® Hence where a heavy mantle 
of clouds retards insolation, as is often the case in humid climates, the 
surface wind velocity on a hot day is often much less than on a clear 
day with its usually greater convection. Often narrow, deep valleys 
may be nearly in spite of intense inso'lation because the wind, if 
at right angles to the valleys^ may not descend to the floor of the valley 
before it commences to ascend the other side. An example is Death 
Valley, California. ' > ^ - 

40. Winds fLSsociated with rapid convection are strongest in the 
season and at the time of day when convection is greatest, which usually 
is shortly after the time of greatest insolation. Although insolation is 
greatest and the vertical temperature gradient is steeper just before 
noon than at noon, convection commonly intensifies for some time after 
noon, and after the summer solstice* Insolation averages greater just 
before noon than at noon because of less average cloudiness then; con- 
vection is greater shortly after noon and after the summer solstice than 
when the sun is most nearly vertical because of the lag in surface tem- 

losMeteorol. Glossary, loc. cit,, p. 122. 

104 Ibid., p. 123. 

loB Pernter, loc. cit., p. 662. 

106 Brooks, C. T., Effects of Winds and Other Weather Conditions on the Flight 
of Airplanes, 3fo. Weather JRev,, Yol. 47, pp. 523-525, 1919. 
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peratures (Law 14). Thunder-storms with their associated squall 
winds occur on the land chiefly in early summer in mid-latitudes and 
at corresponding seasons in low latitudes. Dust whirl-winds also are 
most frequent then and near noon. Tornadoes are most numerous in 
May and June in the northern hemisphere. On the other hand, upon 
the ocean, in high latitudes especially, the vertical temperature gra- 
dient is greatest in winter, because then the surface air is kept relatively 
warm by the water. Hence high-latitude ocean thunder-storms are 
most frequent in winter.^°^ 

41. With a given barometric gradient, wind velocity tends to increase 
slightly with fibsolute humidity^ because water vapor is less viscous 
and lighter than dry air. (Molecular weight of air is about 29, while 
that of water is only 18.) The wider average spacing of isobars in the 
warnaer latitudes and in summer is in part an indirect result of this 
greater amount of water vapor.^°® 

affects of Direction. 

42. N on-planetary winds blowing with the planetary circulation are 
stronger than similar winds blowing in other directions because the 
planetary circulation augments their velocity if they are blowing with 
it, or cheeks their velocity if they are blowing against it. This law 
largely accounts for the dangerous side ” (poleward, right) of tropi- 
cal cyclones; for the greater velocities on the equator-ward (right) side 
of extra-tropical cyclones and on the poleward side of anti-cyclones; 
for the greater influence of sea and lake breezes on the eastern shores 
of water bodies in the belt of Westerlies and on the western shores in 
the Trades ; and also for stronger monsoons on one side of .some land 
areas than on other sides quite similar in other respects. 

43. Exceptionally cold winds are often more powerful than relatively 
warm winds because such cold winds commonly have a greater velocity 
and density. The greater velocity is partly caused by the recent descent 
from somewhat higher altitudes, of which their greater than average 
downward component is evidence.^®® It is alsoi associated with the 
steep pressure gradient caused by the exceptionally cold and therefore 
dense air of the northwesterly winds in contrast to the warm southerly 
winds usually occurring immediately to the east (in the Horthem 
Hemisphere). Their greater density is related to their low tempera- 
ture. Their density enables them to push harder than less dense winds. 

107 Humphreys, Physics of the Air, p. 324. 

108 Davis, loc. cit., p. 153, 

109 See H. H. Kimball, Northwest and Southwest Winds Compared, Mo, Weather 
Sev,, Vol. 48, p. 147, 1920. 
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In the northern hemisphere, northwest winds average the coldest. They 
also average the strongest, for the above mentioned reasons and because 
they are aided more by the prevailing westerlies than are the winds from 
most directions. 

Beasowbl amd Diurnal Ta/rixition, 

44:. Wimd velocities average greater in winter than in summer {fn> 
middatitudes ^ — The lessened average barometric gradient of snmmer 
which largely produces the lesser summer velocity is related to: (1) 
lessened stonuiness in summer (most widespread high winds in mid- 
latitudes are associated with intense Lows) ; (2) the greater absolute 
humidity of summer permits a freer wind movement and thus tends 
to facilitate an equalization of barometric differences; (3) the fact 
that the isotherms are farther apart in summer than in winter results in 
the isobars usually being far apart also; (4) the barometric gradients 
are also affected by the temperature gradients, which often are steeper 
in winter than during most of the summer. Another factor tending 
to reduce the velocity of the ,wind in summer is the greater friction 
resulting from vegetation and from local contrasts in surface heating 
with their resulting convectional disturbances. Gales are commonly 
much more frequent in winter than in summer. For example, on the 
British coasts, gales are more than six times as likely to occur on any 
day in the six months October to March, as on a day in the three months 
June to August. 

45. The surface winds on the land icommonly increase in velocity, 
during the day until early in the aftemocn, except at high altitudes 
on mountain peahs. The increase in velocity accompanies the increase 
in convection.^^^ It is due to an interchange of surface air and the 
faster moving higher air. The diurnal increase is greatest when the 
sky is clear. On cloudy days the maximum surface wind velocity is, 
on the average, only about half what it is when the sky is clear, 
because on cloudy days convection is less than on clear days. At many 

110 Meteorol. Glossary, p. 127. In some other areas, gales are most numerous in 
spring. For example, in South Dakota, though there are fewer gales in Dec. and 
Jan. than in summer, there are more than twice as many in April and May as in 
July and August. (Yisher, S. S., Climate of S. Dak. p. 51, Bull, 8, JS, Bale, <3^eol, 
Surv, 1918). In hurricane regions;, on the other hand, gales usually are most 
frequent in autumn- (Yisher, S. S., Tropical Cyclones of Australia, and the South 
Pacific and Indian Oceans and in the North Pacific, Mo. Weather Bev., Yol. 50, 
pp. 288-297, 583-589, 1922). 

111 pemter, loc. cit., Taylor: Phenomena Connected with Turbulence in the Lower 
Atmosphere, Mo. Weather Bev., Yol. 46, p. 211, 1918. 

112 Bussell, T., Meteorology, p, 106, 1895. 
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places the average wind velocity is twice as great in the mid-afternoon 
as it is in the early morning. The diurnal variation in wind velocity 
almost disappears over the ocean with its nearly constant temperatures, 
and is less on the land in iwinter than in summer, and less on cloudy 
than on clear days, and less in the cooler regions than in warmer, 
because of the greater convection in summer and on clear days and in 
low latitudes. At high altitudes some distance above the surface, on 
the other hand, winds are stronger by night than by day chiefly because 
fewer convection (currents reach a high level at night and hence there 
is less interference at night with the regular winds.^^® As an example: 
The average velocity on Pikers Peak is greatest from 2-4 a. m. (23.2 
mi. per hour; 10 m. per sec.), and is least just before noon (17.5 mi. 
per hour; 8 m. per sec.). Por the lowlands of the eastern United States, 
the hour of TnaxiTmim wind velocily averages 2 p. m. and of minimum 
velocity ,4 a. m.^ and the difference between minimum and maximum 
\relocity averages two miles per hour (.9 m. per sec.) in winter and 
five miles per hour (2.2 m. per sec.) in summer.^^* At Kew, England, 
the diurnal variation averages six miles per hour (2.7 m. per sec.) in 
July and 2% miles per hour (1.1 m. per sec.) in winter.^^® 

Steadiness of Winds. — Va^naiioris in Latitude and Altitude. 

46. In general there is a lessening of the persistence of winds with 
increased latitude accompanying the intensification of temperature 
variaHUfy* because winds vary in persistence with changes in the 
permanence of the conditions or conditional complexes that produce 
them. The Trades are notably persistent because of the steady heating 
along the thermal equator. Monsoons are less reliable than the 
Trades because of the greater variation in the heating of continental 
areas near the borders of the tropics than along the thermal equator. 
Lake and sea breezes are etrongest ‘and- most persistent when there 

* See Law 25, above. 

Hdlmaim, (Mo. Weather Bev., Vol. 4S, p. 58, 1915) ascribes this inarease to 
the influence of the thermal wave caused by the earth’s rotation. See Humphreys 
in Nat. Research Council, Introductory Meteorology, pp. 106-107, for additional, 
though probably very minor influences. 

114 Waldo, F., Hourly Wind Telocities, Am. MeteoroL Jounm.^ Vol. 12, pp. 75-89, 
145-151, 1895. 

iifi Shaw, Meteorol. Glossary, p. 86. The great diurnal increase in wind velocity 
at Hongkong is clearly shown on Plate 13 of daxton, T. F., The Climate of Hong- 
kong Royal . Obs., 1916. This maadmum normally is between 1 and 2 P. M. when 
the velocity averages one-third (4 miles per hour) more than at the minimum 
which occurs at 8 P. M. during 5 monthi^ at 6 A. M. during 4 months and at 11, 
2 and 7 M. on the others. 
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is greatest temperature contrast 'between land and water, as on 
clear days in hot seasoins. Sea breezes are exceptionally prom- 
inent on west coasts in tihe Trade Wind belt for there not only is 
the land heated greatly by day but the surface ocean /water is excep- 
tionally cool by day as compared with the land, largely because of the 
upwelling of cold abysmal waters induced by the drift to the westward 
(contributory causes of the coolness are mentioned in Law 5). In 
general the sea breeze is better developed than the land breeze because 
title land is wanner than the sea throughout the year in low latitudes 
and in summer, the season of sea breezes, in higher latitudes.^^® 

47. Winds tend to increase m steadiness with altitude in the free air 
and on windward slopes, up to considerahle heights, because friction is 
less and disturbances are fewer.f The change with altitude is espe- 
cially marked at night. In large parts of the world fitful breezes are 
the rule at night at the surface on lowlands, while at moderate eleva- 
tions the wind is blowing steadily. (See next law.) The same condi- 
tion often obtains on lowlands along coastsi, before the sea breeze and 
land breeze make themselves felt at the surface/^*^ 

Variation with Diurnal Range of Temperature, 

48. Calm nights are common wherever the surface "becomes much 
colder at night than it is by day, and hence are characteristic of trade 
wind deserts and other dry parts of the land. Calm nights are abnormal 
on the ocean, except in the belts of calms, because of its nearly uniform 
surface temperatures.^^* Winds commonly die down at the surface of 
the land at nightfall because this surface is a comparatively good radia- 
tor and since it has a lower specific heat than air, it is soon cooler than 
the over-lying air. After the surface air is cooled by conduction and 
moderate radiation to the cooler earth, upward convection largely ceases 
because the colder, heavier air is at the bottom of the atmosphere. 
Friction tends greatly to retard the movement of this lower, heavier 
air. The wind tends to slip over the surface layers, and if it does slip 
over them a surface calm is induced. The completeness of the surface 
nocturnal calm depends on the amount of nocturnal convection, the 

t See^Laws 37, 38, 45, 48, 49, 50, for some eJffects of ittoreiased altitude on winds. 

lie Hann, loc. cit., p. 160. 

117 Davis, W. M., Elementary Meteorology, p, 136, 1894. 

lie Humphreys points out (Physics of the Air) (p. 324) that because of the 
greater nocturnal cooling of the air than of the surface water, the temperature 
gradient over the ocean is most favorable to convection shortly before sunrise. 
Hence convection currents and thunderstorms are most numerous then. Surface wind 
vdocity must also be greatest then, wherever the influence here discussed is dominant. 
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amount o£ friction, and tlie character of the wind. In dry regions, 
loss of heat by radiation is exceptionally rapid, and hence convection 
largely ceases soon after sunset- There is more friction over land than 
over water, and more in forested and rugged parts of the land than in 
grass covered or level areas. Winds with a notable downward compo- 
nent tend to prevent the development of a surface calm, whereas winds 
with an upward component favor its development. The Trades are of 
the latter sort,^^® as are the winds blowing into a Low from the equa- 
torward side.^^® Those from a High, and on the poleward side of a 
Low have a distinct downward component. However, calms are fre- 
quent near the center of anticyclones,^^^ where there is little or no 
barometric gradient to induce winds. In respect to latitude, the amount 
of nocturnal surface calm decreases, among places otherwise similar, 
with increase in latitude up to the poleward side of the great storm 
belts, roughly to latitude 55° IST. and 45° S. This is because to the 
poleward of this belt, diurnal range is less, and cloudiness and equator- 
ward blowing winds more frequent 

Sudden Changes (^Qustiness and Puffiness). 

49. All mnds vary in velocity and direction from mirmts to minute. 
— Variation in direction, here called “ gustiness is considered in the 
following law. Variation in velocity, here called pnffiness,” is caused 
largely by the convectional and frictional forces which produce varia- 
tions in direction. One additional cause for continual change in velo- 
city is the variation in pressure due to the passage of waves through 
the air, for example those oscillations associated with the constant shift, 
produced by the earth^s rotation, in the longitude of greatest insolation. 
Frequent slight variations in air pressure are produced over the sea 
by the water waves and troughs. Tidal waves have some effect bn air 
pressure even over the land- The fall of rain, the roll of thunder, and 
similar disturbances likewise produce slight variations in pressure. 
The elasticity of the air and its inertia are fundamentally important 
in connection with pufflness.” Variations in pufSness,^^ although 
always present, increase in amplitude, as expressed in miles per hour, 
with velocity of the surface wind. Often there is a variation of 10 or 
20 miles an hour (4% to ,9 meters per sec.), in a few minutes during 

119 Abbe, C.: The Mechanics of the Earth^s Atmosphere, a Collection of Trans- 
lations, Smit%8onian MiscelUmeous Collections, 843, 1893. (Paper hj Prof. Ober- 
beck, p. 186.) 

120 Blair, W. E., Planetary System of Convection, Mo. Weather JBei?., Vol. 44, 
p. 192, 1916. 

121 Shaw, MeteoxoL Glossary, p. 31. 
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a high wind If expressed in per cents, the momentary increases are 
greatest when a breeze prevails, for Aen the velocity may double or 
triple within a few minutes. Puf^ess ’’ is especially conspicuous 
over a storm-tossed sea, and it also appears to increase with latitude 
up to the storm belt. The winds about a well-marked Low are particu- 
larly “puffy.” ... 

60. Momentary change of direction or gust%ness mcrea^es on tfie 

average with increased surface friction, with approach to the desert, 
the equator and the hoUom of the atmosphere, and in general ivith 
increase in convection and in local contrasts in heating. The decrease 
in gustiness ,with latitude is due to the fact that convection decreases 
on the average with increase in latitude* The increase with aridity 
accompanies a general intensification of convection. Objects which 
produce friction cause some air to ?nise and later to fall, in order to 
pass over the object or over the air which has been piled up as a result 
of friction.^^^ Gustiness decreases with height above the surface because 
most vertical currents induced by local convection or friction only affect 
the lower few hundred feet of air, and relatively few affect as much as 
the lower 2500 feet (Y60 (Vertical local convectional currents 

are felt twice as high in summer as in winter in some regions) Local 
contrast in heating is produced by contrasting types of soil or vegeta- 
tion, the presence of bare areas, of streams, of small lakes or marshes, 
and of significant differences in slope or relief. Such differences often 
produce gustiness because air often rises above the warmer areas and 
descends over the cooler. Cumulus clouds are striking evidences of 
such unequal heating.^^® Wherever and whenever local convection is 
least, gustiness due to local convection is least. Therefore this type 
of “ bumpiness ” is less in the relatively calm, cloudless weather of an 
on-coming High than in an on-coming Low with its patches of clouds, 
and its stronger winds,^®® Because of the importance of local conveo- 

122 Conveetion is also caused by overriding of o-ne layer of air by another. Easterly 
winds especially are lighter than westerly winds and are often overridden. This 
wonld tend to produce convection, (Shaw, Wl N., Mo, Weather JRev,, Vol. 42, p. 198, 
1914; and see also Brooks, Kimball and Humphreys, Ibid., Vol. 48, pp. 100^ 101, 
147; 1920. 

123 " Gustiness falls off rapidly in the first 500f feet of ascent, and thereafter it is 
irregular.'^ Dines, W. H., MeteoroL Glossary, p. 142. 

i 2 t Brooks, 0. P., Winds and the Pli^t of Airplanes, Mo, Weather JRev,, Vol. 47, 
pp. 523-525, 1919. 

126 Another excellent indicator of convection and of turbulence due to friction is 
smoke from a smokestack. See Etkes and Brooks, Mo. Weather JSev., Vol. 4^ 
pp. 459-460, 1918. 

126 Shaw, Keteorol. Glossary, pp. 21-23. 
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tion in producing gustiness, the latter is far less noticeable over the 
sea than over land/^’^ at night than by day, in winter than in summer, 
and less intense over a fog or low cloud than at corresponding altitudes 
where such barriers to insolation and convection are not present. The 
lessened gustiness over the sea and on the land in winter is due to the 
comparatively slight friction. Gustiness increases with aridity only 
where surface conditions are similar, which seldom is the condition. 
In arid regions there usually are few trees, fields, roads and buildings. 
Hence there is less contrast and less friction. Thus, instead of increas- 
ing with aridity, gustiness often decreases. Gujstiness was not considered 
as an aspect of climate until surveyors, astronomers and aviators 
revealed considerable geographic permanence of differences in ^^visi- 
bility” and in “bumpiness.” Surveyors find that the visibility of 
distant objects usually decreases from morning to- mid-afternoon and 
then increases ; that the seeing is better on a cloudy day than on a 
clear or partly clear day ; and that on clear days “ seeing ” is better 
in cool climates than in warm. These variations in visibility are 
apparently related to local convection, the great cause of gustiness. 
Astronomers find the “ seeing ” poorest on windy nights and best on 
calm nights. The fact that nocturnal “ seeing ” is especially favorable 
in deserts is probably related not so much to less humidity, as to the lack 
of nocturnal convection. The excellent vision' at night at Mandeville, 
Jamaica, where the annual rainfall norm^ly is 87 inches (2210 mm.), 
but where, for special reasons, the nocturnal convection is slight, 
supports this view.^** 

12 T Taylor, loc. cit. 

128 Pickering, W. H., Mo. Weather JRev., VoL 47, p. 574, 1919; and Vol. 48, p. 511, 
1920. 














CHAPTEE IV 

LAWS CONOEENim ATMOSPHEEIC MOISTUEE 

SOUBOES OB' MoISTUBB. 

51. Atmospheric moistwe is derived hy evaporation. fr<m all moist 
surfaces, chief of which is the ocean, as the ocean, covers three-fourths 
of the globe and more than four-fifths of its warmer half. Evapora- 
tion from soil, yegetation, animals and water on the land is the imme- 
diate source of much vapor. It should be borne in mind however, 
that a lahe, even a large lake, is no more an ultimate source of water 
vapor than is ground moistened by a shower; both are temporary 
resting places of water en route to the sea. Nevertheless, much, rain- 
fall on the land is derived from moisture recently evaporated from such 
resting places. The small amount of evaporation taking place at low 
temperatures during the winter, when there is often much snow or 
other moisture on the ground, is one cause for the lesser precipitation 
in the cold season than in the warm in many inland places. When 
spring .comes with its higher temperatures, accumulated moisture of 
the winter is soon largely evaporated and often partly reprecipitated, 
giving rise to spring showers. Some of it remains in the air, how- 
ever, until the autumnal cooling. 

Rate oe Evapobatiow. 

52. The potential rate of fivaporatwn at any povnt normally increases 

with the temperatwe and hence usually is greatest at the warmest 
time pf ihe da/y and year. At night condensation often takes place 
instead of evaporation. This variation occurs because the capacity of 
space to hold moisture increases sharply with the temperature. Twenty 
^:^•Tnflg as much moisture can be contained in a given space at 100 E. 
(38° C.) at 15° E. (—9° C.).i29 The capacity is approximately 
doubled or halved with each change of 18° E. (10° 0.). The tecal 
rate of evaporation is affected also by tbe wind velocity and, as there 
commonly is also a diurnal intensification of wind velocity corre- 
sponding with Ae diurnal rise of temperature,i3o r^me 

’"lisrSies of capacity in vapor pressure and in quantity of water vapor per cu. 
ft. at different temperainres axe given fcy Mflhaai, Meteorology, p. .195, and ™ ® 

on physies. A full taWe showing vapor pressure for relative humidities at Meient 
temperatoxes is given in SmAthsoman Meteorol. Tables, pp. 183-185 and pp. 192-193, 
1918. 

MO The dose wmilarity of the diurnal curves of temperature and wind vdooity 
is strildngly aiustrated at Chicago. See Cox and Armington, -TOeafter and Climate 
of Chicago, p. 31^ 1914 
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helps explain the dinmal change in evaporation. The -wind is signifi- 
cant as a factor affecting the rate of evaporation because it carries 
avray the saturated or partly saturated air. When other conditions 
are uniform, the rate of evaporation is roughly proportional to the 
squai’e root of the wind velocity. The influence of the higher aver- 
age velocity of wind in winter, however, is usually counteracted by 
the lower temperatures. 

The rate of evaporation depends also upon the humidity of the air 
in contact with a moist surface and the temperature of that surface. 
If the surrounding air contains much less moisture than it can hold at 
its temperature, evaporation will be relatively rapid; if it is nearly 
saturated, evaporation will be relatively slow. If the moist surface 
is warm, evaporation is more rapid than if it is cold. The more rapid 
evaporation on clear days than on cloudy days in mid-latitudes is due 
chiefly to the fact that air is commonly drier on clear days than on 
cloudy days, even though it is sometimes cooler. The greater insola- 
tion in clear weather is significant because it tends to maintain the 
surface temperature, and thus allows evaporation to continue at a 
faster rate than the dry air alone would permit. Clear days in mid- 
latitudes usually are associated with anticyclones in which the air is 
descending and being warmed dynamically. 

53. The mie of emporaiion diminishes on ihe average at pro- 
gressively higher latitudes wnd oltitudes and also with approach to 
marine conditions. The change with latitude is associated with a like 
ftTianwi in temperature. The Trades are drying winds except where 
ascending because they blow into progressively warmer latitudes. De- 
crease in the rate of evaporation with approach to marine conditions 
is influenced by increased relative humidity, and in all but cold places, 
also by lessened average temperatures. Within the tropics there is 
an average annual evaporaton of 30 inches (760 mm.) and in the 
polar regions less than 10- inches (250 mm.). In general, evaporation 
exceeds precipitation in the lower latitudes while precipitation exceeds 
evaporation in the higher latitudes. 

The general decrease in evaporation with increase in altitude is the 
result of lessened temperatures and this decrease takes place in spite 
of the influences of decreased air pressure, lower absolute humidity, 
and stronger winds, all of which tend to increase the rate of evapora- 
tion. Hence, whenever temperatures at high altitudes are equal to 
those at low altitudes the rate of evaporation tends to increase with alti- 
tude. Furthermore the low absolute humidity dharaoteristic of high alti- 
181 Sana, Haadlwok of Climatology, Vol. 1, tranriated by Ward, p. 44, 1903. 
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tudes strikingly affects the rat© of evaporation whenever temperatures 
are suddenly raised. When cold air, saturated perhaps but containing 
only a little moisture, is warmed, it becomes relatively dry, and thus 
evaporation is facilitated. Marked surface heating by insolation, which 
is fairly frequent at high altitudes and occasional in high latitudes, 
thus often results in abnormally low relative humidities and also in 
rapid evaporation. The influence of decreased pressure upon evapora- 
tion where temperatures are high is illustrated by changes in the 
boiling temperature of water (a form of rapid evaporation). There 
is a lowering of 1° F. for each decrease in pressure of about .6 in. 
(1° 0. for 3Y mb.). Each rise of 650 ft (178 m.) produces such 
a change in average pressure. Water boils, at all levels, at a lower 
temperature, sometimes as much as 3° F. (1.7® 0.) lower, in a Low 
than in a High.^®^ 

Disteibutioit of Moistusb. 

54. The windward sides of continents and of mountain ranges receive 
mucTvmore moisture, and hence more predpitation, than do the leeward 
sides because atmospheric moisture is transferred chiefly by the wind. 
Diffusion is so slow a process that calms of sufficient duration to make 
diffusion significant are rare. Streams are the only other agent dis- 
tributing much moisture. Rivers such as the Volga and FTile which 
carry large volumes of water into arid regions where it evaporates 
doubtless have some influence on the amount of atmospheric moisture 
in parts of their basins. The influence of winds on this distribution 
of moisture is illustrated in many places. For example, in the 
Hawaiian Islands an average of over 476 inches (12.1 m.) of rain 
falls annually on Mt. Waialeale, alt 6075 ft (15 i )0 m.) on Kauai, 
while only 16 inches (406 mm.) falls on the leeward slope only 11 
miles (18 km.) away. On another island (Maui) two stations only 
7^) miles (12 km.) apart receive an average of 369 inches and 18 
inches (9373 mm. and 457 mm.) respectiyely.^® In the belt of 
Westerlies the condition near Seattle, Washington is noteworthy. 
Fifty miles west of Seattle, on the windward slope of the Olympic 
Mountains, the average precipitation is more than 120 inches (3500 
mm.). At Seattle it is only 42 inches (1070 mm.) and an average 
as low as 18 inches (457 mm.) of rainfall occurs on some of the uearoy 
islands in Puget Sound. Thirty miles east of Seattle, on Ae weistern 
slopes of the Cascades, more than 80 inches (2030 mm.) falls. A 

132 Shaw, Meteorological Glossary, p. 300, _ 

133 Summary of Climatological Data for the Eiawaiiau Section, 1922 and Mo. 

Weather Bev., VoL 47, pp. 303-305, 1919. 
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hundred mnea east of Seattle, just east of the Cascades, the average 

precipitation is less than 10 inches (250 nun.).^®^ 

56. The amount of atmospheric moistv/re (absolute humidity) nor- 
maMy varies inversely vorth latitude <vnd altitude, and as a rule, directly 
with distance from the sea}^^ because absolute humidity increases with 
the hastened evaporation which is induced by higher temperatures, 
and because warm air (space) can contain more moisture than cold. 
Water vapor makes up an average of 2.639& of the surfa^air at the 
equator: .92% at latitude 50 IT. and .22% at latitude YO IT. he 
average for the earth is 1.2%.i8® Sometimes water vapor makes up as 
much as 5% of the weight of the air present over water bodies in 
warm areas.^^v This is equivalent to a vapor pressure of, more than 
i nf-'hefl (38 mm.) of mercury. The atmosphere of the warmer 
half of the globe contains fully four-fifths of the total atmospheric mois- 
ture. The average decrease with latitude is illustrated in JNorto 
Dakota, ITebraska, and Oklahoma, all of which are mland states m 
the same longitude and with similar amounts of rainfaU. Ihe aver- 
age of the 7 A. M. and 7 P. M. vapor pressures for Janua^^ Ap^, 
July and October is .20 in. (5 mm.) for ITorth Dakota; .25 in. (6.8 
mm.) for ITebraska; and .36 in. (9 mm.) for Oklahoma. Decrease 
in absolute bmoidity with latitude is also illustrated by the statement 
that the air over Europe contains on the average enough moisture to 
yield about an inch (26 mm.) of water if it were all condensed, while 
condensation of all the atmospheric moisture over the 
the United States would yield nearly 2 inches (60 mm.). 

The poleward decrease in vapor pressure is however not at a uniform 
rate. It varies with the effective distsince from water bodies, with 
average temperatures, • and with altitude.^*® In the storm belts, it is 
probably less than the expected normal for that latitude b^ause t e 
increased upward convection and precipitation in storms tend to lessen 

the absolute humidity. • n tj. r* 

Vapor pressure usually decreases inland rather rapidly. It often 

is^caxart of Average Annual Precipitation in 
Agriculture, 1917. Beprinted in Mo. Weather Bev., Vol. 45, Plate ^,1917. 

ia»Day, P. 0., Eelative Humidities and Vapor Pressures over the Hnited States, 
Mo. Weather Bev., Siipplement, No. 6, pp. 5-61 and 24 charts, 1917. 

iseHann, Lehrbueh der Meteoiologie, 3rd ed., p. 5, 1915a 
' » 

137 Day, loc. cit., p. 6. 

138 Calexilated from data given, by Day, loc. oit. 

139 Day, loc. cit. j. , 

See also TaWe of Monthly Mean Water Vapor Pressures^ for Eastern, Central 

and Central Plateau States for four different latitudes given in Mo. Weather Bev., 
Vol. 47, p. 772, 1919. 
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is approximately twice as great along tke coast as in the drier portions 
of the continental interior in the same latitudes; This decrease is due 
to the fact that the moisture evaporated from the ocean and precipi- 
tated inland is not replaced by a like amount evaporated from the land. 

The average decrease in water vapor with increase in altitude is 
sharp. One-half the atmospheric moisture is within a mile (1.6 km.) 
of sealevel and at six miles (10 km.) the air contains only 1/120 as 
much as at sealevel. This diminution is chiefly due to the decrease 
in temperature ,and hence in capacity, but in part to the fact that the 
atmosphere is supplied with moisture from below. Indeed all primary 
evaporation takes place at the bottom of the air. 

66. The nhsolute Jiumidity is greater by day than at night, greater 
in summer than, m winter and greater during wet periods than during 
dry periods. ■ The increase by day and in summOr is related to the 
higher temperatures prevailing. The increased vapor pressure which 
commonly accompanies wet periods is caused chiefly by the larger 
supply of moisture from the sea brought inland by the winds. How- 
ever, the larger amount of surface water and ground water available 
for evaporation, and actually evaporated, also plays a part. 

The average diurnal increase of absolute humidity for the United 
States amounts to about 15 % The increase is greater in summer 
than in winter especially if the actual increase and not the percentage 
of increase is considered. This is because a diurnal range of 30° F. 
(17° 0.), for example, produces ,a greater change in the amount of 
moisture held if between 60° F. and 80° F. (10° 0. and 27° 0.) than 
if between 0° F. and 30° F. (—18° O. and — 1° 0.). Furthermore, 
nocturnal precipitation and dew and frost often greatly reduce the 
atmospheric moisture at night. In England, a country with high 
average humidity, the mean diurnal range is about 6%, varying from 
5% in December and January to 89?? in June and September. Among 
the months, there is nearly twice as much moisture in the air in July 
and August as in January and February.^^® 

On the average, the vapor pressure is least about sunrise and greatest 
near mid-day. On the land the maximum comes shortly before noon 
in all warm places. On the other hand, it comes in the early afternoon 
in cool places such as the sea, and the land in winter. The normd 
relationship between absolute humidity and temperature, however, is 

141 Humplireys, Physics of the Air, p. 69, 1920. 

142 Computed from Day, loc. dt. 

i43Meteorol. Glossary, loc. dt, pp. 290-292. The monthly and diuin^ varia- 
tions in humidity are clearly presented for Hongkong, in Claxton, The Climate of 
Hongkong, 1916. 
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often, interfered "with, by convection. Hence "wherever convection is 
intense, the absolute humidity at the surface of Ihe earth usually is 
less shortly after mid-day than at any other time, because the wann 
moist air is then more easily displaced by drier air brought do'wn by 
convection. In dry regions when convection is strong, there is often 
a decided decrease in vapor pressure as the hour of maximum tem- 
perature and convection approaches, because there is not enough evap- 
oration to replace the moisture carried aloft by intense upward con- 
vection. Places, which because of nocturnal “ inversion of tempera- 
tare ” have cahn nights, may occasionally have more moisture in the 
surface air in the evening than at 2 P. M. 

The seasonal rangie in absolute humidity depends upon the seasonal 
change in temperature or "wind direction. Por places having cold and 
warm seasons, the maximum occurs in the warmest season and the 
TniniTmiTYi in the coldest, and there is a diflFerence in humidity corre- 
sponding to the contrast in temperature. For example, the vapor 
pressure in North Dakota averages about nine times as much in July 
as in January; in Nebraska, six times as great; in Oklahoma four 
times; in Louisiana 2% times; at Key West, Fla., where there is 
little seasonal contrast in temperature, the vapor pressure of the highest 
month (August) is .83 in. (21 mm.) whereas in January it is two- 
thirds as great (.56 in., 14 mm.)- These figures indicate ^o that the 
annual range in vapor pressure increases "with laHtade, which is in 
keeping with the increase in temperature range.“* 

Relativb HuMiDiTr. 

57. Belaiwe hwnidUy increases, on the average, wUh laSiinide and 
alUtvde and is greater along the coasts than inland. In general it 
increases as absolute humidity decreases. The increase in relative 
humidity "with latitude and altitude accompanies a normal decrease in 
temperature and hence in capacity for holding moisture. The increase 
with latitude on the laud is illustrated along practically every meridian 
on Day’s maps of relative humidity for the TTnited States^^® in spite 
of the conspicuous influence of the western highlands on the distribu- 
tion of moisture. The following annual averages from 7 A. 3J£. and 
7 P. M. for places ha-ving almost the same predpitation (between 20 
and 25 inches) (508-635 mm.) illustrates the influence of latitude: 
Faigo, N. D., 79%; Huron, S. D., 72%'; Noifh Platte, Neh., 70%; 
Dodge City, Kan., 66% ; Abilene, Tex., 64%. Even where the preeipita- 

Computed from Figs. 4 and 5 in DaT toe, dt, 

146 Day, laa. oif. 
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tion decreases notably from south, to north, as in the following places, the 
average relative humidity increases with latitude; Chicago, 74% ; Mil- 
waukee, 75%; Escanaha,,Mich., 79%; also Louisville, Ky., 69%; In- 
dianapolis, Ind,, 72% ; Grand Rapids, MicL, 76% ; and also St Louis, 
Mo., 70%; Madison, Wis., 76%. The increase with latitude is made 
irregular, however, by variations in the distance from the sea.^^® The 
average relative humidity over the sea is about 86%, while that over the 
continents is perhaps 60%,^^'^ ranging from 50% or less in the drier 
regions to nearly 85% along the coasts. Upon the sea, the normal 
relative humidity is about 82% in low latitudes and 92% in high 
latitudes.^^® Relative humidity does not increase normally with lati- 
tude between the equator and the centers of the Trade Wind deserts. 

iThe increase in relative humidity with altitude is not rapid and 
is limited by the cloud zone, above which the air is somewhat drier. 
The increase is not so great as the temperature gradient would suggest 
because moisture is supplied only from moist surfaces at the bottom 
of the atmosphere and there is progressively less and less moist land 
at higher altitudes. Thus high altitudes often have dry air when 
saturated air would be expected on the basis of the normal, though 
often small, increase of relative humidity with altitude. Dryness is 
much more common on the leeward side of mountains than on the 
windward aide. Sudb. dryness usually is related to a foehn or is 
produced by an excessive settling of higher layers of air such as often 
cause the dispersal of clouds at night. (See Law 65.) A third way 
in which the air at high altitudes is sometimes made intensely dry 
is given in Law 53 above. This principle operates to make the air 
diy when in contact with the warm skin. Whenever the cold air of 
high altitudes and latitudes is warmed by contact with warm skin it 
becomes distinctly dry and causes rapid evaporation. Thus very cold 
air affects man like dry air because as it is warmed by contact it 
becomes relatively dry. This is nearly as true of cold air which was 
originally saturated as of air which was dry before coming in contact 
with man. 

58. BelaMve humidity increases as air ascends cmd decreases as it 
descends. Eence relative humidity is greater on windward slopes than 
on leeward slopes. This is because the capacity of space for moisture 

In muter in cold regions, the relative humidity often increases inland accom- 
panying the decrease in temperatnre inland (Harm, Handbook of Climatology, 
Vol 1, p. 151). 

i«Salisbnry, Physiography, p. 495, 1919. 

148 Waldo, Elementary Meteorology, p. 127, 1896. 
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decreases with the temperature. Ascending air is cooled hy expa^ion 
and by accelerated radiation. Heat lost in these ways is less and less 
fully replaced at higher altitudes partly because of the i^reased dis- 
tance of the air from its chief source of heat,— the surface of toe 
earth,— and because of the interception of heat at lower levels. On 
the other band, descending air is wartned by compression and by 
coming to lower and warmer altitudes. As it is warmed it becom^ 
relatively drier. Under favorable conditions the air becomes wanned 
conspicuously and is made very dry, producing a foehn. 

69. Atmospheric humidity, hath absolide and relative, averayes 
less cut the earths surface in windy areas than im. calm areas oiherwus^ 
similar, because in windy areasj the moistened lower layers of air 
are soon mixed with or replaced by drier air from above. Upwato 
convection is the agent which does most to prev^t the surface mr 
from being excessively humid. As water vapor is lighter than toe 
other constituents of the surface air, moist air is forced to rise and is 
replaced by heavier and drier air. The hei#t to which it can ascend 
is limited by condensation and by gravity. An exception to this rule 
of decreased humidity with increased windiness often occurs in the 
centers of Highs, where, in spite of slight windiness> humidity is often 

relatively low because of descending air. ■ 

60. BelcMve humidity of the mrface air, averages grater ly night 

than hy day, greater in winter than in summer, greater in cool periods 
than in hot periods and is dso greater before than after precipitation. 
The lower humidity by day in summer and during hot periods is 
related to toe higher temperatures and toe greater mixing of toe si^ 
face with toe drier air above at those times. The warmest time of the 
day, year or period normally has toe lowest relative humidity becaime 
toe capacity of toe air (space) is greatest then. The highest relative 
humidify usually occurs at the coldest time. However, the coldrat 
weather of winter in mid-latitudes is not often accompanied by toe 
highest relative humidity because such weather is often caused by a 
cold wind from higher latitudes or by air descending from somewhat 
higher altituds, and such air is relatively dry.«» In general, as the 
temperature gpes up toe relative humidity goes down, and vice ver^ 
However, after the dew point is reached a further increase in relative 
humidity is impossible; instead it stays at 100% when toe tempera- 
ture falls still low^r. ' ■ _ ' . . t x -jv 

61. In general, seasonal a/nd divunud ranges m relative numiavty 

i«Tliis is flluBtrated locally -within tha tropic^ where the wiatw 

winds come from th© nortbi as at Hongkong. Soe Olaxton, Zoo. otf. 
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m{ry in Tmrmony with range in temperature^ and therefore are com- 
monly great in arid regions and in continental interiors, and small 
over the sea and most snow-covered areas. Annual range increases 
toward the equator, with nearness to the ocean or lakes, with aridity, 
with altitude (up tO' the cloud zone or snow-line), and with decrease 
in vegetation. It is also affected by cloudiness and windiness. The 
amplitude is several times greater on clear than on cloudy days and 
it is especially small on continuously rainy days. The range is smaller 
when the wind blows steadily than in times of fitful winds or calm. 
The increase in relative humidity before precipitation is sufficiently 
marked in many places to be useful in forecasting the weather.^®^ 
Several of these kinds of variation in relative humidity are illustrated 
by the following figures, from Day’s tables. At Burlington, Vt., 
the average winter (December, January and February) maximum 
(about sunrise) and the average winter minimum (about 2 P. M.) are 
79% and 67% respectively; in summer (June, July and August) 
84% and 53% respectively; at St. Louis, Mo., the corresponding fig- 
ures are 74% and 54% (winter) and 71% and 50'%' (summer) ; at 
Sheridan, Wyo., 84% and 56% (winter) and 82% and 37% (summer). 
Waldo gives the diurnal amplitude for the northwestern coast of 
Europe as 7% in December and 17% in August; for Nukuss in central 
Asia, 26% in December and 50% in summer.^®^ 

Abnormally low relative humidities occur occasionally in the sur- 
face air. Such departures are much more extreme over the land than 
over the sea and in dry regions than in wet. In arid regions in the 
United States humidities as low as 8% occasionally occur and in humid 
regions as low as 10%'.^®^ Abnormally low relative humidities are 
caused by a sharp rise in the temperature of the affected air. In 
rugged areas, foehns often cause extreme dryness. Perhaps the free- 
air foehn^®^ is not rare in connection with cyclonic storms. The intense 
downward movement produces the relatiye drynesSt 

Condensation. 

62. As condensation occurs whenever air is cooled “below the satura- 

Garriot, E, B., Weather Folklore and Bocal Weather Signs, 17. 8. Weather 
"Bureau, Bull. 33, pp. 20-22, 1903. 

151 Day, loG. oit., pp, 13-61. 

162 Waldo, Elementary Meteorology, p. 125, 1896. 

153 Day, loo. oit, p. 10. At Hongkong, where the average rainfall is 83 in. (2110 
mm.) relative humidities as low as 5% have been recorded in winter. (Glaston, 
loc. oit.) 

164 Brooks, C. F., A hUl-top f odm. Mo. Weather Bev., Vol. 47, p. 567, 1919. 
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tim foint, it is most freqvant at mgH$ and m winter, exc^t such as 
is due to convection which is most frequent when comection ts most 
intense, namely during the day and in summer, over l3ie land. ^ oo- 
tumal and winter cooling sufficient to cause condensation is due cmefly 
to induced by loss of beat by radiation from ibe surface to 

tbe overlying air, or from tbe air downward to colder land or water. 
Loss of beat by conduction is important where good (inductors are 
involved. Condensation is sometimes caused by tbe mixture of cold 
air and warm air, as when a cold wind is blowing over warm water. 
Most clouds are caused by convection. Ascending air is cooled by 
expansion at tbe rate of 1.6 degrees F. for each 300 feet of ascent 
(1° 0 per 103 meters), until condensation occurs. Dew, Irost and 
fog usually appear by nigbt and disappear by day, because of tbe 
diurnal range in temperature and in relative humidity. ^ (For clouds 
see Law 68, beyond.) The greater frequency of condensation in winter 
ia illustrated at Chicago, where, in spite of the fact that much more 
rain falls in summer than in winter, precipitation is 30 more fre- 
quent in winter than in summer.^® , , . ..7 1 

63 The frequency of covdensafion tends to increase with latituae, 
loith humidity and with altitude, up to the cloud level. Except where 
deserts are involved, cloudiness increases with latitude, though in hi^ 
latitudes the clouds commonly are thin. Sealevel fogs often p^sist 
throughout the day in high latitude, hut not in low latitudes, irost 
also frequently does not disappear by day in high latitudes while dew 
practically always disappears by day in low latitudes. Snow and 
rain disappear slowly in the higher latitudes. The frequency o 
and frost formation tends to increase in any latitude with increase in 
diurnal range. Dew seldom forms on shipboard at sea. In and 
regions the relative humidity often is so low that condensation does 
not occur even when the diurnal range is great. The persistence of 
frost or fog by day in high latitudes is greatest where the diurnal 
range is small, as over snowfields or on the sea. 

64. The amount of condensation decreases, on the average, with lati- 
tude, except in the Trade Wind deserts, and also with altitude above 
a few thousand feet. The amount of condensation depends on the 
absolute humidity of the air, the amount of vapor cooled, and the 
extent of cooling. In tbe rainy tropics, where the absolute humidity 
is great, as much aa one-tenth of an; inch (2.5 mm .) of dew gathers 

Htcmplireys, Physics of the Air, p. 31, 1920. 

156 Oox and Armington, The Weather and Climate of Chicago, p. 168, lOlA 
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during some In mid-latitudes a hundredth, of an inch is a 

heavy dew. Clouds generally decrease in thickness and density with 
increase in latitude and with increase in altitude above three thousand 
feet (900 m.). In high latitudes the sun or moon can often he seen 
through clouds. Indeed, in polar regions it often snows from an 
almost clear sky. 

The normal relationship between latitude and condensation is dis- 
turbed by the distribution of atmospheric dust. Cities, with their vast 
quantities of soot and hygroscopic dust, are sites of undue condensa- 
tion, and their air nearly always has more haze than is normal for 
the latitude. In many cities the persistent haze is called smoke, and 
in others, in cool moist climate^ it is often a fog. This is due chiefly 
to the condensation upon atmospheric dust which is a better radiator 
than air, and thus often cools below the dewpoint. In moist regions 
condensation upon the cold dust particles frequmitly occurs, and thus 
the dust acta as nuclei of fog particles. If dust particles suitable to 
serve as nuclei are not present in sufficient abundance, considerable 
super-saturation may precede condensation. In nature, however, there 
apparently is always sufficient dust present.^®® 

65. The amount of condensation vagies from time to time wUh vfvrir 
ations in the intensity of temperature clumges a/nd with the humidity. 
Hence dew and frost form most abundantly when the nocturnal cooling 
is rapid. Because of ihe lessened absolute humidity following con- 
densation, the rate of dew and frost accumulation normally dwlines 
soon after the dew-point is passed. This often occurs early in the 
evening. There is also a marked diurnal variation in the amount of 
cloudiness.^®® However, as clouds are usually formed by convectional 
cooling rather than by cooling by radiation, the amount of condensa- 
tion represented by clouds tends to vary with convection. Therefore 
cloudiness usually increases by day whenever convection is mark^ 
because convection increases until the warmest time of the day is 
reached. Upward, convection oftai brings bodies of air to heists 
where the saturation point is passed. After normal conv^tiw Ms 
reached its maxiiiL'uiii, wliich. cammonly occurs between 2 and 3 P. JM., 
cloudiness may increase for a time because of further cooling of air 
brought almost to the dew point by convection. This continued cooling 
is facilitated by the lessened insolation which accompanies the decrease 

iwToa BffiOia, Wm., in Abbe, C„ Mechaaies of the Earth's Atmosphtare, Smith- 

«(>nt6Wi Misc. Collect., p. 283, 1893 . « i -lao 

Shaw, W. jN'., Law of Saturation, Mo. Weather Vol. 42, p. 198, 1914:. 

159 Cox and Anningtou, loc. oit., p. 260. 
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in the angle of incidence and the developmsiit of higher clouds. The 
sky often clears at night because of the descent of the clouds instead 
of becoming overcast as would be expected where the ni^ts are cool. 
At niglit.j when convection largely ceases, the clouds are pulled down- 
ward by gravily. Often when once they are descending relatively 
rapidly, inertia prevents their stopping until they are sufficiently 
wanned dynamically to evaporate the condensed moisture. The fact 
that the higher air is often warmer at night than the surface air, 
because free air cools slowly, is also of importance in this connection. 
The amount of condensation to form clouds also tends to vary directly 
with the intensity of convection according to the season. This is true 
in spite of the fact that the percentage of cloudiness commonly is 
greater in winter, when convection is least, than in mid-summer when 
it is greatest.^®® Winter clouds, however, are normally at low altitudes 
and relatively thin, their volume and mass being usually less than that 
of the scattered clouds of a partly cloudy summer day. In summer, 
when the sun is high its rays often penetrate an amount of condensed 
moisture sufficient to form wjiat in winter -would appear to be a cloud- 

cover. ' 

Pebcipitatiok : Kinds os. 

66. Precipitation varies in hind from place to place. While per- 
haps four-fifths of the world’s precipitation is in the form of rain, 
yet in high latitudes and altitudes, snowfall is important. Moreover 
sleet and hail ha-v© considerable significance. In respect to rainfall, 
notable differences in size of drops and in intensity of fall occur. 
Sleet is relatively of most importance in cyclonic climates in coastal 
regions in fairly high latitudes. Hail, which is always associated -with 
intense convection, is probably most frequently formed in low latitudes. 
However, as a result of the rapid melting during descent relatively 
little hail reaches the ground in tropical lowlands. Hence hail is most 
frequently ecsq)erienced in latitudes 20°-40°, although it falls in consid- 
erable quantities in lower latitudes. Kor example, ten hailstorms of 
a destructive (ffiaraoter were reported in a decade in latitudes 13°-16° S. 
near sealevel in Australia and three hailstorms occurred in Panama 
(latitude 9°) in a 12-year period.“^ On the other hand, sev^al local 
hailstorms occur each yoar in subtropical Australia,^®® and in south 
eastern United States. 

ieolbid., p. 267. ^ 

161 VisBer, S. S., Hail in the Tropics, Suit. MeieoroL Soc,, Vol- 3, pp. 117- 

118, 1922. 

M2 Commonwealtli Bureau of Meteorology, Charts of Bail Stonos, Melbourne, 
3PJ5-18. 
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TLe smallest average sized raindrops probably occur in cool marine 
climates where the normal precipitation is a drizzle.^®® The size o£ 
characteristic drops increases in general toward the equator and with 
increased aridity accompanying a similar increase in the intensity of 
convection. As to the rate of fall, the heaviest rains occur in low 
latitudes, and in general there is a progressive decline poleward in the 
maximum rainfall received in a day or an hour.^®"^ This decline is 
due chiefly to a similar decrease in intensity of convection as is illus- 
trated by the lesser frequency of thunderstorms.^®® 

67. Most places experience seasonal variations in the hind of pre- 
cipitation. Snow often falls during the winter in middle and high 
latitudes, while rain often falls even in polar regions in summer.^ 
Hail is (iaracteristic of the season of most intense convection, which, 
for all but a few points,’ is shortly after the period when the sun is 
most nearly overhead. In respect to rainfall, there normally is a 
seasonal variation in size of drops, in intensity of downpour and in 
the velocity of fall. Winter rain commonly is madejup of smaHer 
drops than summer rain, and falls more slowly and more steadily. 
Downpours and cloudbursts ” are to be expected at the time of most 
intense convection. ' 

Peace Distribution. 

68, Precipitation norynally is heavy on the windward slope of steep 
high or cool mountains in relatively warm regions because wherever a 
large volume of warm moist air is cooled notably below the saturation 
point, much co-ndensation occurs (See Law 54). Rapid cooling of 
warm air is also often accomplished by rapid convectional ascent, 
where insolation is intense and therefore thunderstorms yield much 
rain. Precipitation is much less heavy when cold air is further cooled. 
Hence in uniformly cold regions, mountains have much less effect than 
in warm regions. The steepness of the slope is significant because 
convectional overturning is often induced by rather low elevations 
possessing a steep slope on the windward side.^®*^ Minor causes of air 

103 In Netherlands, for example, four days of each normal weeh are classed as 

rainy and yet only 28 inches (711 mm.) is received in the entire year. (Kan, C. ., 
in Mills International Geogr., p. 219, 1907.) ^ 

104 For the United States, see charts of maximum rainfall in 24 consecutive hours 
and in one hour, Mo. WBcuth^ Reu., "VoL 50, p. 119, 1922- 

lOBihid., p. 122, Distribution of Thunderstorms in the United States. 

160 Stefansson, V., The Friendly Arctic, 1921. 

16 T The importance of the inclination of the slope is emphasized by Poekels, F., 
Precipitation on Mountain Slopes (1901) translated in C. Abhe third series of the 
Mechanic of the Earth’s Atmosphere, Smithsoniem Collections, No. 1869, p. 101, 1910. 
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ooolmg are dhilliiig by a cold ■\raid, and contact with a cold surface 
(without ascent). Drizzles and fogs are often formed in these ways. 
The heavy precipitation in the doldrum belt and by thunderstorms 
elsewhere, the rainy character of the windward slopes of mountains in 
the Trade Wind belts and elsewhere, are all illustrations of this law.^®® 
69. Precipitation decreases irregularly in amount with increase in 
latitude, a{nd in effective distance from the ocean* The average pre- 
cipitation for the globe is about 20 inches (508 mm.). The heaviest 
rainfall on the land of any entire latitude is in the doldrum belt (80 
inches (2000 mm.) or more), and the least normal precipitation is 
perhaps in the polar regions (less than 10 inches; 250 mm.). While 
the Sahara and many other parts of the Trade Wind belts I'eceive no 
more precipitation than do the polar regions, the average for the Trade 
Wind belts is raised notably by the precipitation received on the wind- 
ward slopes, as is illustrate in Law 64 above. The scanty precipita- 
tion in polar regions, as at high altitudes, is due largely to the small 
amount of moisture in the cold air, but the slight convection there is 
also a factor. The poleward decrease in precipitation is illustrated 
on all continents.^®^ , The decrease with latitude is at a higher rate 
on the continents than on the ocean, for although in the tropics mors 
rain falls on the- land than on the sea, the reverse is true in high lati- 
tudes. Ifot only is there a decrease in total rainfall, but there is 
a corresponding decrease in intensity. In Australia, for example, the 
number of days on which 6 inches (127 mm.) or more of rain has 
fallen, decreases steadily and sharply poleward.^*^^ The same occurs 
in the United States^*^^ and elsewhere, except where east-west moun- 
tain ranges, such as the Himalayas, form complicating factors by caus- 
ing marked condensation. All the records of 30 inches (760 mm.) 
or more of rainfall within 24 houxS' are from tropical latitudes, as 
are nearly all records of falls in excess of 10 inches (254 mm.) in 
24 hours.^*^® In the United States:, for example, in twenty years the 
only areas receiving over 10 inches (254 mm.) in 24 consecutive hours 
were along the Gulf Coast. No area in the northern third of the 


i«8See Laws 54 and 71 for concrete iUnstrations. 

i«»See Herbertson’s raiafaU maps in Bartholomew's Physical Atlas, 1899. 

170 Moore, John, Meteorology, p. 223, 1910 (quoting Herbertson). 

171 See lists of heavy rainfalls, Hunt, H- A., The Climate and Meteorology of 
Australia, Official Yearboot, pp. 59-63, 1920. 

172 See Precipitation Section of Atlas of American Agriculture (partly repro- 
duced in Mo* Weather Bev., Yol. 50, pp, 117-124, 1922. 

i73Visher, S. S., Variability vs. TTniformity in the Tropics, Sdentiflo Monthly, 
Vol. 15, pp. 28-31, 1922. 
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country received over 6 inches (150 mm.) while nearly five-sixths of 
the northern border had an extreme maximum of less than 4 inches 
(100 mm.).^'^^ 

70. Precipitation increases with altitude to moderaite heights and 
then decreases steadily and sharply wntil at the height of ^ or S miles 
(S-5 hm^) it is slight. The maximum precipitation on steep' mountains 
takes place at an elevation of about 3300 ft. (1000 m.) in the tropics, 
and about 4500-5000 ft. (1370-1620 m.) in mid-latitudes.^'^® The 
altitude of the zone of maximum precipitation depends upon the rela- 
tive humidity and temperature of ascending air. Therefore the height 
fluctuates with the seasons, being lowest in winter, when low tempera- 
tures cause prompter precipitation, than in summer when the relative 
humidity at any given level is less than in winter.^'^® The rate of 
increase up to the zone of maximum rainfall varies with the total 
rainfall, being 100 in. for each 1000 ft. (830 mm. per 100 m.) for 
example, in portions of the Himalayas, 40 in. per 1000 ft. (333 mrn. 
per 100 m.) in Java, and only 2 in. per 1000 ft. (17 mm. per 100 
m. ) in arid portions of Africa and South Ameriea.^'^'^ However, when 
expressed in percentages, the rate of increase is somewhat similar even 
in such diverse cases as these, for the increase with each 1000 or 1500 
ft. (300 or 450 m.) of altitude is approximately equal to the total 
rainfall at the base of the slope. Above the zone of maximum rain- 
fall, the decrease is rapid. At high altitudes, it is chiefly in the form 
of “ finely pulverized snow or a drizzle.’’^'^® 

71. Local contrasts in the amount of rainfall are greater in tropical 
than in higher latitudes among topographically similar places, with 
the exception of the doldrums. Local contrasts in humidity, evapora- 
tion and wind likewise commonly decrease with latitude. It is prob- 
able that tropical, mountainous, oceanic islands have the greatest local 
climatic differentiation while polar regions have the least. IsTear the 
poles even a high mountain causes relatively little local differentiation. 
In low latitudes one side of many moderate elevations is distinctly 
more humid than the opposite side, and there is a sudden change in 
humidity and precipitation with altitude even on the windward slope. 
Both wind direction and altitude influence the rainfall of many small 

174 Precipitation Section of Atlas of American Agriculture, toe. dt. 

173 Henry, A, J., Increase of Precipitation with Altitude, Mo. Weather JSev., 
Vol. 47, -pp. 33-41, 19*19. On mountains which rise from dry plateaus, however, 
the zone of maximum paiecipitation is oonsidenably higher than tliese figures. 

, 176 Hann, J., Hehrhuch der Meteorologie, 3rd ed., 1915. 

177 Henry, loo. cit., p, 34. 

178 Hann, Lehrbuch, quoted by Henry, loc. dt 
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areas. For instance, within the city of Honolulu the average rainfall 
ranges from less than 25 in. (635 mm.) to over 90 in. (2290 mm.) 
at a place of similar elevation only 5 miles (8 km.) distant. Also 
within 4 miles (6 km.) of the central station with its 31 in. (790 
mm.) of rain there is .a station with an elevation of 1360 ft. (4l4 m.) 
and an average rainfall of 106 in. (2700 mm.). On another of the 
Hawaiian Islands, Kauai, apparently the rainiest official rainfall sta- 
tion on the globe and with an average of over 476 in. (12.2 m.), is 
11 miles (18 km.) distant from a station which receives less than 20 
in. (508 mm.).^*^^ In middle and high latitudes there normally is 
relatively little contrast in rainfall between the sides of single ranges 
since the winds come into cyclonic depressions from all directions in 
turn, instead of chiefly from one direction as in the tropics. Hence 
one side normally is very dry in higher latitudes only in case the 
winds are prevented by some other range from bringing moisture to 
it. Consider the relatively slight contrast in rainfall on the different 
sides of the Appalachians, Alps and Caucasus, in comparison with 
the great contrasts found on most tropical ranges. The local change 
in rainfall, which accompanies change in altitude, also is less in higher 
latitudes than in low because there is less change in capacity for 
moisture when cool air is further cooled than when warm air is cooled 
a like amount by being forced to rise. 

Other causes of greater local differentiation in climate in low lati- 
tudes than in high are (a) the steeper vertical temperature gradient, 
so that corresponding changes in altitude produce greater changes of 
temperature in the tropics than in high latitudes, especially at night, 
(b) the greater tendency for calms to develop on lowlands at night 
in the tropics than in higher latitudes (See Law 48, under winds). 
It is partly for this reason that even moderately low ridges in the 
tropics have an appreciably different nocturnal climate from nearby 
plains, while there is less differentiation between ridge and plain in 
higher latitudes, (c) A third factor which causes greater local con- 
trast in low than in higher latitudes is the sea breeze, which is much 
commoner in warm than in cool regions, and which gives to a narrow 
littoral strip in the tropics a climate distinctly different throughout 
the year from that found only a short distance inland. Sea breezes 
blow almost every day upon many tropical coasts because the land 
becomes very much warmer than the water almost eveiy day, instead 
of only during hot spells in summer, as in high latitudes. Other sorts 

179 Climatological Data, HaTTaiian Section, 1922, supplemented by annual reports 
for 1919-21 inclusive. 
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of climatic localization and their chief causes are discussed more fully 
elsewhere.^®^ 

Diurnal and Seasonal Distribution. 

72. Precipitation taJces places more easily in winter than in summer 
and at night than hy day because precipitation occurs whenever drops, 
flakes or pellets are formed which are too heavy to be sustained in 
the air by the rising air currents. Such ascending currents are weaker 
in winter and at night than in summer and during the day. Pre- 
cipitation reaches the surface whenever the particles are not evaporated 
as they fall. Much summer rain, especially above deserts, fails to 
reach the eartL Hence additional reasons why precipitation reaches 
the surface more readily in winter than in summer, and also more 
easily at night than by day, are because the clouds are usually lower 
and the lower air is ;more humid in the cooler than in the warmer 
times. Ease of precipitation does not however imply amount of pre- 
cipitation, for in; spite of the fact that precipitation is often induced 
in winter by barometric influences which would not yield precipita- 
tion in summer, the total amount of precipitation received in sum- 
mer is greater than that received in winter over a large share of the 
earth. One result of the greater ease with which precipitation takes 
place in winter than in summer is the fact that snow storms normally 
last longer than rainstorms, in spite of the fact that cyclonic storms 
usually move more rapidly in winter than in summer. At Chicago, 
the average snow storm lasts 7.5 hoursi while the average rain storm 
lasts 3.9 hoursi.^®® 

73. Most places have a wet season and a dry season because the dis- 
tribution of precipitation throughout the year depends on (1) com- 
parative temperature of land and sea, (2) wind direction and char- 
acter, (3) intensity of insolation and hence of convection, (4) frequency 
of temperature changes passing the dew-point. When land is notably 
cooler than the sea, precipitation on the land is to be expected if tbe 
wind is off the sea. In such a wind, the air in contact with the colder 
land surface is cooled by radiation and conduction. Another part is 
cooled by being forced to rise over air piled up by the much greater 
friction on land than on the sea. However, the rise produced in this 
way is seldom sulEcient in itself to cause heavy precipitation. Oyclonic 

isoYislier, S. S., Local Climates in the Tropics, N-mZZ. Am, Meteorol. Soc,, VoL 
3, pp. 119-121, 1922. 

Henry and others. Weather forecasting in the United States, loo, dt, 

188 Cox and Armington, he, dt,, pp. 185-191. 



74 


CLIMATIC LAWS 



Pig* 6. — Summer Eainfall, June to August, North of Equator — December to February, South of Equator. (From Hunting. 
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aad irregalar winds bring more precipitation to most plains than do 
steady winds. , Intense insolation normally produces active evapora" 
tion, strong convection currents and subsequent thunderstorms. Varia^ 
tions in temperature from above the saturation point to those notably 
below that point cause precipitation.^®^ • 

The season during which an area normally receives the most pre- 
cipitation depends upon which of the four influences enumerated above 
is most sigp-ificant. In general the warmer regions receive most of 
their precipitation shortly after the date when the sun is overhead or 
most nearly so, because of the intensified convection. Cold regions 
also receive most precipitation in their warmer season because during 
their colder season the air can contain little moisture and hence can 
give up little. Furthermore, there is little moisture available for 
precipitation in cold areas h^ause w^ds blowing toward them have 
lost much of their moisture before going far inland* The shifting of 
the wind belts with the seasons is the dominating influence in seasonal 
rainfall variations for many subtropical and subequatorial areas. The 
winter season is the wet one on western coasts in the subtropical belt. 
Interior plainsi in mid-latitudes have more precipitation in spring and 
early summer than in any other four or five months.^®® Eaininess 
in spring is a result of (1) the release of moisture accumulated on 
and in the ground during the winter, (2) the changeableness of the 
temperatures and (3) the steep temperature gradient upward. The 
summer rains result chiefly from increased convection and frequent 
reprecipitation and especially fromi the indraught of moisture-laden 
air from the sea, induced by high continental temperatures. Between 
the spring and the summer rains there is often a drought, frequently 
in June in mid-latitudes in the northern hemisphera Winter droughts 
in continental interiors are due in part to the faster movement of the 
Lows at that season hut chiefly to the fact that condensation then 
takes place nearer the coast than it does in summer, because of the 
rapid fall in temperature inland from the coast in winter, 

74, The seasonal range in rcdnfaU varies with latitude and with 
relaiion to the ocean. The contrast between the amounts of precipita- 
tion received in the wet season and in the dry is greater in the tropics 
than in middle latitudes. Indeed it seemingly varies inversely with 
the latitude from the edge of the doldrums to the polar regions, among 
places otherwise similar. The range also normally increases from the 

is^TJnless such teauperatnres are confined to the air in contact witli the surface 
of the land^ when dew or frost formation occurs instead of precipitation. 

185 Por maps of the season of rainfaU see Bartholomew, loa dt. 
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coast inland, and it probably averages less on windward than on lee- 
ward coasts. The average increase inland is largely due to the scanty 
winter rainfall characteristic of continental interiors. (See preced- 
ing law.) On the average windward coasts have less range than lee- 
ward coasts because the latter get a large share of their moisture from 
cyclonic winds which are less regular in occurrence and strength than 
the planetary winds. However those portions of the lee coasts which 
experience strong monsoOTis normally have well defined wet and dry 
seasons. Evidence showing the greater seasonal contrast in rainfall 
in low than in middle latitudes is given elsewhere.^®® Briefly, much 
more of the tropics possesses a large contrast among the monthly totals 
of rainfall .than is the case in middle latitudes. For example, twice 
as large a percentage of their area receives 20% more rain in the 
wettest than in the driest month. In respect to greater and lesser 
percentage ranges also, the tropics are inferior to the higher latitudes. 
The great seasonal range in the low latitudes is related to the fact that 
most tropical localities are crossed by desdcoating winds during part 
of the year (the Trades or land monsoons), while in other months con- 
ditions are favorable for rain, as when the doldrums pass, or when 
the ocean monsoon prevails, or in Mediterranean climates, when the 
Westerlies prevail. In higher latitudes rainfall conditions are on the 
average more xmiform throu^out the year, not only because of the 
general lack of drying wind% but also because there is greater uni- 
formity in the effects of <grclonic disturbaaoes. (See Law 80.) 

75. The frequency of precipitation tends to increase directly with 
the armwal amowlfl W inversely with the monthly range in precipita- 
tion except in the monsoon areasi. In other words, places with heavy 
rainfall are usually places of frequent rains, and wet years are years 
of many rainy days, on the average. However, in regions of marked 
seasonal distribution of rainfall, precipitation occurs fewer times in a 
year tlm-m in places where rainfall seasons are less marked. Since in 
general the seasonal range is greater in low than in hi^ latitudes, the 
frequency of rain tends to be less in low latitudes than in high, wher- 
ever giTni1a.v annual amounts are received. However, on windward 
slopes in the Trade Wind belt the frequency is hi^ as is also the 
annnni amouut, while the monthly range is comparatively low.^®^ A 

iseVishier, S. S., Yariability vs. TTniformity in the Tropics, SdenUfio Monthly, 
Vol. 15, pp. 23-35, 1922, and The Variability of Tropical Climates, Meteoroh May., 
London, Vol. 58, pp. 121-125, 154-159, 178-179, 1923. 

187 See Supan: Bartholomew’s Physical Atlas; Meteorology, p. 19, 1899. 
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Fio. 8. — ^Average Monthly Temperature and Eainfall of Cities in North Ameri 
(From Hunitington and Ouahizigs’ Principles of Human Greography.) 
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special ilhxsftratiaii of the frequency of precipitation is the duration 
of rainfall^ which increases with the latitude/®^ 

7 6. TlieTe are foT T/iost plcices two diwrTud Tucixiincu und two 
for predpitoHon in vegcird to both nmowfii and fveguoncy* The TModrna 
visually a/re at 2-5 P. M. p/nd 3-6 A. M., and the minima ai 9-12 A, M. 
md 11 P- M.-2 A. M. respectively. The afternoon ma;^inxiin coin- 
cides with or follows the period of most intense oonvection. Some- 
times the afternoon maximum is delayed until early evening'. The 
early morning maximum is caused by the marked turnover which often 
occurs then as a result of the excessive cooling of air above the surface 
layers. The forenoon minimum and the midnight minimum: occur at 
times when heating and cooling respectively are taking place steadily 
but have not gone far enough to cause marked convection or over- 
turning.^®® 

There is considerable variation from place to place, and also from 
season to season in the precipitation yielded by the nocturnal and 
afternoon maximum. In the southeastern part of the United States, 
and in the arid west, much more rain is - received from .the afternoon 
TnayiTniTm. Indeed nocturnal rain is relatively uncommon there. In 
the ITortheastem States, on the oither hand, while the' afternoon maxi- 
mum predominates, it yields .only a little more rain than the nocturnal 
maximum. A different condition prevails* over a considerable area 
in the central part of the United States, for there more summer rain- 
fall is received between 8 P. M. and 8 A. H. than in the other 12 
hours. In the center -oi this area:, aouthem ITebraska, the ^^noctumal” 
precipitation makes up 65% of the total.^®® In the British Isles more 
rain falls at nigiht than by day during the winter and the reverse is true 
in summer, tho-ugh this condition is partly due to the corresponding 
seasonal difference in the* length of day and night^®^ In the rainy 
tropics, although rain is very common from- 3-6 A. M., afternoon 
showers are expected daily.^®* 

Vabiabilitt. 

77. Variability in the ammnt of precipitation increases with aridity, 

188 Harm, loc. dt,, p. 61. 

189 por discussion of diurnal distribution of rainfall see Hann, Lelirbueh, Zoo* 
cit, pp, 338-346; and Cox and Annington, loc. dt.,; and Claxton, loc. cit. 

190 Kincer, J. B., Day-time and Nigbt-time Precipitation (in tbe XT. B.) and tbeir 
Hcononric Significance. Mo. ^caiheT JBeu., Vol, 44, pp. 628-632, 1916. A summary 
of this paper with rnterpretations is given by Humphreys, Ibid, Vol. 49, pp. 350- 
351, 1921. 

191 Moore, Sir John, Meteorology, p. 262, 1910. 

192 Ward, Climate, loo. dt., p. 82. 
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because, (1) the chances of a co-nstant supply of atmospheric moisture 
reaching an area decreases with an increase in the remoteness of that 
area from its '.source of moisture. Little moisture is carried in one 
continuous journey from the ocean to any moderately inaccessible 
point and precipitated there. Instead most moisture is precipitated 
and evaporated repeatedly, and sometimes it is carried away from 
the .ocean and sometimes toward it by the winds and streams. In 
its journey toward the drier regions, the total supply of moisture is 
decreased by runoff. (2) In humid regions a considerable portion of 
any excess rainfall returns to the sea as runoff, whereas in arid or 
semi-arid regions an unusually heavy, widespread rainfall may disturb 
the normal moisture conditions for a considerable period. (3) The 
abundant soil moisture, dense v^etation, high water-table and stand- 
ing water present in humid regions act as a stabilizer of atmospheric 
moisture conditions, whereas the relative lack of these influences in 
more arid regions permits greater variations in moisture conditions.^®® 

Y8. The amourit of 'precipitation received hy an ar-ea during corre- 
sponding intervals of time varies irregularly^ One summer or yejar 
may be wet and the next dry, or several wet years may be followed 
by several dry ones. Most fluctuations in precipitation in middle lati- 
tudes are related to differences in the paths, the intensity, the speed 
and the size of Lows, for these cyclonic disturbances cause most of the 
rainfall. Storm tracks are affected by anomalous variations in the 
temperature of continental and oceanic areas. Lows often tend to 
move toward abnormally warm areas. The rainfall in low latitudes, 
as well as in middle latitudes is closely related to the passage of low 
pressure areas.^®^ A special feature of the irregular fluctuations in 
the amount of precipitation is the tendency for wet periods to per- 
petuate themselves, and for droughts to continue. This is perhaps never 
a dominating influence but undoubtedly is sometimes significant. Abun- 
dant surface waters and a high water-table certainly are more con- 
ducive to a high atmospheric humidity than are parched soil and dry 
lakebeds. Conversely, "All signs of rain fail in dry weather.^^ The 
importance of soil and surface water in supplying moisture for precipi- 

193 Yisher, S. S., BainfaU in. the Great Plains in The Geography of South Dakota, 
Zoo. cit,, pp. 60-67. 

194 Taylor, G,, The Australian Environment e^ecially as controlled by rainfall, 
1918 (summarized by Visher in Mo. Weather JB,ev.f Yol. 47, pp. 490-494, 1919), ajid 
Yisher, S. S., Australian Hurricanes and Belated Tropical Cyclones, Bull. Common- 
weath Bur, of Meteorot, 1923 ; for the IT. S. see Henry and others, Weather Pore- 
casting in the U. S., loc, dt, and especially Henry, A. J., Secular' Yariation of Pre- 
cipitation in the United States, Bull, Amer, Geogr, Boa, Yol. 46, pp. 192-201, 1914. 
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tation is siiggested by Miirray^s estimaite that only one-fonrtli or one- 
fifth. of the precipitation on the land is returned to the ocean by the 
rivers.^®® In some level areas the proportion of runoff is much less^ 
for example it is only about one-twicntieth for the basin of the Bed Biver 
of the North. If three-fourths or more of all the precipitation on the 
land is evaporated locally, as seeans likely, much of it probably is 
reprecipitated on the land. Areas remote from the ocean probably 
receive much more than half their precipitation in this way. 

79. Cycles of rainfall occuof* in maifiy places* Many of these are 
quite irregular in length and in intensity and no doubt many are due 
largely to the semi-periodic return, called for by the law of chance, 
of fiiTnilfl.r combinations of atmospheric conditions, as when analogous 
storms travel along similar paths. However a part of the semi-periodic 
fluctuation appears to be related to variations in the activity of the 
sun, for a correlation between sunspot periods and fluctuations in 
precipitation seems to be established.^®® In general continental 
interiors receive more rainfall when the sunspots are increasing than 
when they are decreasing, whereas marine climates and some others, 
respond in the opposite way. The fact that different areas respond 
in opposite ways to changed solar activity has done much to conceal 
the relationship between solar changes and terrestrial weather, for 
wherever the rainfall of large regions are compared, the excessive rain- 
fall received in one part may offset the deficient rainfall of another 
part. Another disturbing practice has been the comparison of the 
rainfall records of the single year when the sun^s spottedness reached 
the maximum with the records of the single year when the spottedness 
was at a minimum. It is a well established fact that a single year is 
not so good a: basis for comparison as the average of a number of 
yeans. When the rainfall data for the several years of increasing 
spottedness are compared with those of the years of decreasing spotted- 
ness, rather sharp contrasts become evident, which can be explain^ 
fairly well by shifts in the average storm paths, and by variations in 
the storms themselves.^®'^ 

The anomalous temperature and pressures which develop from time 


1S5 Quoted by Tarr-Martin, Physiography, p. 104. 

196 Brooks, C. E- P., The Secular Variation in Climate, Geogr* Bev*, Vol. 11, pp. 
120-137, 1921; and Clements, F. E., Brought Periods and Climatic Cycles, Ecology, 
Vol. 2, pp. 181-1S8, 1921. See however a review and discussion of Clement's paper 
hy Henry, A. J., Mo. TVeother Bev., Vol, 50, pp. 127-131, 1922. 

197 por a summary of evidence concerning changes in precipitation see Hunt- 
ington, Earth and Sun, 1923 and Huntington and Visher, Climatic Changes, loo. oii., 
pp, 53, 58, 59 and 93. 
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to time over critical portions of tlie ocean and land are quite possibly 
induced indirectly by variations in solar activity. As noted in tbe 
previous law, storm paths are strongly affected by the development 
of such abnormal conditions. Likewise there appears to be a general 
shift in storm paths w'ithin the sunspot cycle. When the sun is in- 
creasing in activity, the main storm track shifts poleward,^®® with 
resulting changes in rainfall in a rather wide though not straight 
belt. The character of the change differs, however, within this belt, 
for at the same time that the rainfall is increasing toward the northern 
margin, it is decreasing at the southern, 

80. Dependability of ramfall is greater in middle than in low lati-^ 
ivdes, and tends to increase with latitude^ among places receiving sirm- 
lar mnour^is. Most tropical cities, concerning which data are avail- 
able, received three or more times as much rain in an especially wet 
year as in an especially dry one, while in mid-latitudes, few places 
receive twice as much. Indeed in fairly high latitudes in western 
Europe the range seldom is as great as 50%. This decrease in abso- 
lute range is tbe more notable because it accompanieis a general decrease 
in total rainfall. With the smaller total annual amoim'ts of precipi- 
tation characteristic of high latitudes, it is easier to obtain large pei> 
centage ranges than -it is with the larger totals characteristic of low 
latitudes. Many illustrations of widespread and marked fluctuations 
in annual rainfall in tropical regions are given elsewhere.^®® A few 
may be mentioned here. The average rainfall at the 150 rainfall 
stations , scattered over the Hawaiian Islands was 54.5 inches (1284 
mm.) for 1918 but was 112.9 inches (2808 mm.) for 1919. Equatorial 
Singapore has received five times as much rainfall in one year as in 
another; equatorial Oceanic Island (longitude 169° E.) received 8 
times as much rain in 1905 asi in 1909 (19.6 inches vs. 158.9 inches ; 
500 nim. vs. 4040 mm.) ; Malden Island (latitude 4° S., longitude 
155° W.), 2,000 miles (3220 km.) to the eastward, received 16 times 
as much in 1906 as in 1908 (3-9 in. vs. 63.4 in.; 99 mm. vs. 1610 
mm.). 

Hot only is there .a wider* range in the annual rainfall in low lati- 
tudes, but excessive falls within short periods are of greater magnitude 
and are more frequent in tropical latitudes than in higher latitudes. 
(See Law 69.) On the other hand, drougjhts likewise are more fre- 

198 Huntington, Eartt and Stin, Zoc. dt. i 

i99Vislier, S. S., Yariation vs. Uniformity, loo, cit., and Tropical Climates from 
an Ecological Viewpoint, Ecology, Yol. 4, pp. 1-10, Jan. 1923, and Yergleicliung der 
KiederstehlagBverandierKolikeit in niedrigen mid mittlereai Breiten, Meteorolog, 
ZeUscJi Bund 41, Heft 2 Z, 46-49, 1924. 



84 


CLIMATIC LAWS 


quent and protracted in tropical latitudes than in higher latitudes hav- 
ing similar average rainfalls. In parts of middle latitudes, where 
the normal rainfall is 40 inches (1000 mm.) or; more, periods of a 
month without precipitation are veiy rare during the normal rainy 
season, while in the tropics even where the average rainfall is over 
80 inches (2000 mm.) as in the Philippines, periods of several weeks 
with no rain are not very rare.^®® 

The greater variation in annual rainfall in tropical latitudes than 
in higher latitudes appears to be related to annual contras.ts in stormi- 
ness. For example, some tropical localities are visited by several times 
as many hurricanes in one. year as in another. In regions where hur- 
ricanes are almost lacking, as is the case of the equatorial stations 
mentioned above, there is nevertheless a sharp contrast in the annual 
number of disturbances produced by mild local storms or by distant 
hurricanes. In higher latitudes there is greater uniformity both in 
the number and in the severity of storms. This is partly because 
many of the tropical storms move poleward, where the meridians con- 
verge, and then move eastward, perhaps, nearly encircling the gjobe. 
Thus there are many more storms in high latitudes than in low. Storms 
are less severe in high latitudes than in low probably because they 
are accompanied by less condensation of water vapor. The energy 
liberated at condensation is the great source of the storm^s energy. 
The cool temperatures characteristic of high latitudes permit a smaller 
moisture content than prevails in tropical latitudes. Hence cyclonic 
disturbances cause less condensation in high latitudes than in low, and 
therefore possess less energy. 

S'*® Coronas, The Climate and Weather of the Philippines (Official), pp. 111-123, 
1920 * 
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81. Air pressure decreases with mcreased elevation because the at- 
mosphere envelops the rest of the eartL One half of the air is "within 
8^2 miles (6.6 km.) of sea level and 3-4 "within about 6.8 miles (10.9 
km.). Near sea level, the decrease is about 4% per 1000 feet (304 m.), 
the barometer standing at about 29 inchesi (736 mm.) at 830 feet (253 
m.) above sea level and at 28 inches (711 mm.) at 1800 feet (550 m.) 
instead of at 30 inches (760 mm.) as it does at sea level. The rate 
of decrease varies directly with altitude, ho"wiever, being (at 45° E.) 
about 3% at one half mile and 2.7% at a mile. In other words, to 
have the pressure decrease 0.1 inch, the barometer must rise 92 feet 
at sea level (temp. 50° E.) 98 feet at an altitade of 1800 and 111 feet 
at a mile above sea Icvnl.®"^ 

Near sea level the air exerts a pressure of about 14.7 pounds per 
square inch, a ton to the square foot or 30 million tons per square mile. 
At a mile above seal level the pressure is about one sixth less and at 
two milesrit is about 10 pounds per square incL 

Some effeotsi of the decrease in air pressure upon insolation, radia- 
tion, "wind velocity and evaporation ha"ve been given in previous laws 
(4, 37, 53). At 5000 feet, there are appreciable effects on some 
climiatic elements, especially upon the rate of cooling in the shade, 
and some people are made nervous. At 10,000 feet the effects on 
man are more pronounced, and at 15,000 most 'men are made weak 
and often diz^.* 

82. There are seasonal a/nd diurnal va/riaiions in air pressure re- 
lated to changes in temperature but "with Ihe oppoeite sign, falling as 
the temperature rises. In regions of radical seasonal temperature 
changes, the average pressures of July and January oonunonly differ 
by 0.4 inch, somewhat more than one per cent (Over central Asia 
the range is 2,6%). 

Large seasonal differences affect the average -wind direction (Laws 
28, 80, 33) and produce monsoons (La'ws 28, 33). Diurnal differences 
of pressure are appreciable in all areas that possess a conspicuous di- 
urnal range of temperature, the maximum coming about sunrise and 
the minimum in the late afternoon. Along sea coasts, pressure changes 


201 STnitlaormm Meteorologuxjd Tables, loe. eit., Tables 51-64. 
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ofteta lead to aea .and land breezes, especially if tbe land eixperiences a 
sharp change of temperature and the water is cooler than normal (Law 
46). 

A minor type of variation in pressure is the seani-diumal rhythm. 
The maxima occur about 10 A. M. and 10 P. M. and the minima' about 
4 A. M. and 4 P. M.. These are transposed upon the simple diurnal 
curves with the result that the daytime minimum are more pronounced 
than the nocturnal. The amplitude of the semi-diurnal fluctuations 
increase toward the equator and equinoxes and are greater on clear 
than on cloudy days and on land than on sea. Over the sea, in fact, 
the nocturnal amplitude is greater than the day-time. In the Pacific 
tropics, the day-time amplitude is 2 

83. Barom^hic pressure varies from day to day due to the influence 
of cyclonic storms (See Laws 84 and 85), and, in some places, with 
changes in the intensity and location of the semi-permanent areas of 
high and low pressure. In middle latitudes, interdiurnal change^ of 
more than one per cent are common, 3 per cent, (one inch) frequent, 
and of 5 per cent, not very rare. In the tropics, a one per cent, fluc- 
tuation (^^ of an inch) is fairly frequent and a 10 per cent range 
occasionally occurs in the paths of severe tropical cyclones. Tornadoes 
(See Law 86) occasionally cause yet greater changes .of pressure, and 
thunderstorms smaller ones (Law 87). Interdiurnal changes of pres- 
sure associated with cyclonic storms are highly important both directly 
and as an indication of the coming change of weather. Changes as- 
sociated with variations in the semi-permanent highs or lows often in- 
fluence storm tracks, and thus the weather.^®^ On the borders of well- 
marked semi-permanent highs and lows such as the Aleutian and Ice- 
landic lows and the North Pacific high, many of the strong winds re- 
sult from a temporary steepening of the general barometric gradient.^®^ 
Cyclonic Storms. 

84. Tropical cyclones are whirling storms which occasionally power- 
fully affect wide areas especially along the margins of the iropics. 
Mo&t of the storms originate in latitudes 10®-16° ; many of them travel 
westward hundreds of miles, and a large proportion enter middle lati- 
tudes. Some travel several thousands of miles before dissipating. A 
well-developed hurricane or typhoon is characiterized by a steep baro- 

202 HumpiireyB, Physics of the Air, p. 232, 1920. 

203 Henry, A. J. and others, Weather Forecasting in the United States, 1916. 

204 Hurd, W. E. and Tingley, F. G., Monthly reports on the Weather of the North 
Pacific, Mo, Weather Bev,, 1918-1923. See also Uaingerfield, L. H., the Kona Winds 
of Hawaii, Mo, Weather Vol. 49, pp. 327-329, 1921. 
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metric gradient towards a central calm, where the pressure may be 
below 28 inches (711 mm .) ; they have winds of hurricane or gale 
force over a belt 300 miles across on the average in the tropics, and 
yield heavy precipitation. Usually they travel about 300 miles a day 
in the tropics, but more rapidly in higher latitudes where they also 
commonly increase in size but diminish in severily. Tropical cyclones 
differ greatly, however, in size, intensity, speed and in other respects. 
Upwards of 35 ihurrioane-p-roducing storms occur each average year 
and more thaai twice as many gale-producing storms. Still less intense 
cyclonic disturbances are more numerous and are likewise very impor- 
tant yielders of rainfall eispecially <ou the leeward slopes in the trade- 
wind belt. Tropical cyclones are important in many respects, dis- 
cussed elsewhere.^®® 

85. Cyclonic storms^ ^'Lov)s^\ are mmierous in midrlatUudes an3 
damimtie the weather there, producing frequent striking changes in 
wind direction and velocity, in temperature, humidity, cloudiness and 
precipitation. They are great whirls averaging nearly a thousand 
miles across which move eastward (east, northeast or southeast) at an 
average rate of about 400 miles per 24 hours, in summer and 800 miles 
in winter. Many of them travel several thousand miles. They cause 
precipitation in wide areas which would be dry if only the westerlies 
or monsoons prevailed, as for ecsample between the Rockies and Appala- 
chians in North America, in southeastern Europe, southern Australia 
and in southeastern South America. 

Lows lare sometimes accompanied by destructive winds and torren- 
tial rains, or by hot waves,” ,and in winter, by heavy snowfall or 
sleet. 

Thunderstorms and tornadoes also are associated with lows (See 
Laws 86, 87). In mid-latitudes, scientific weather predictions are 
largely based upon a study of the ^©cial charaeterisitics of approach- 
ing cyclonic disturbances.*®^ 

The frequent change of weather produced by the passage of lows 
and highs puts a premium on alertness and forethought and apparently 
stimulates both intellectual and physical activity.*®® 

206 Visher, S. S., Tropical Cyclones of the Pacific and their Effects, Monograph 
of the Bishop Museum, Honolulu, 1924. Newnham, E. V., Hurricanes and Tropical 
Eevolving Storms, GeopTiysioal Memoirs, No. 19, British Meteorological Office, 1923. 

206 Ward, R. DeC., Hot Waves and Cold Waves in the United States, Scieniifio 
Monthly, Tol. XVI, pp. 449-470, 1923 and Yol. XVIT, pp. 140-167, 1923. 

207 Henry, A. J. and others. Weather Porecasting in the United States, 1916, 
Shaw, N., Weather Porecasting, 1919. 

iiosgpiLtington, E., Civilization and Climate, 1915, World Power and Evolution, 
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Variations in the courses followed by the disturbances and in their 
intensity^ speed, and frequency cause most of the variations from year 
to year in temperature, winds and precipitation (Laws 21, 26, 44, 79, 
80). Long continued changes in storm paths and intensity may have 
been important causes of changes of climate including the glacial 
periods.^^® 

Many of the lows present in mid-latitudes originated as tropical cy- 
clones. Others ^'bud ofP’ from the semi-permanent lows such as ^‘the 
Aleutian Low,” and yet others originate on land. Cyclonic storms 
obtain their energy from three great sources, (1) the latent heat of 
condensation, (2) the direct absorption of solar energy by the atmos- 
pheric moisture of the lows; (3) the under-running of the warm winds 
from lower latitudes by the colder winds from higher latitudes. After 
a large mass of air is set rotating, its inertia and gyroscopic momentum 
and small friction often permit it to travel far without receiving much 
additional energy from condensation. But CT-clones usually intensify 
in winter when approaching open bodies of water such as The Great 
Lakes or the seia, both because of increased condensation and because 
of sharper local temperature contracts. Conversely, they weaken when 
crossing a cold region like northern Asia; in winter.^^® 

86. Tornadoes Qccasio^ywdly oame local ji&strudion in most warm 
plains. They are tiny cyclones characterized by very low pressures at 
their center and winds of destructive violence over ’a belt .a quarter of 
a mile ( km.) wide on the average, and 20 miles (32 km.) long. They 
usually develop along the windshift line of lows, and in the clouds, 
later extending downwards to the earth. A hundred or so occur an- 
nually in the United States, the center of abundance being in Missouri, 
and the month of greatest frequency being June. All states' east of the 
Eockies have been visited, however, and likewise southern Canada, and 
tomiadoes have been recorded in all months somewhere in this area.^^^ 

Tornadoes are probably as frequent and widespread in Australia 

1919. Visher, S. S., Economic Geography of Indiana, pp. 73-88, 110-112, 167, 213- 
218, 1923. 

209 Huntington and Visher, Climatic Changes, their nature and causes, 1922, and 
Huntington, Earth and Sun, 1923. 

210 Shaw, Jefferies, and others, The Energy of Cyclones, a symposium. Mo. Weather 
Bev., Vol. 49, pp. 3-5, 1921. Summed up and extended in Visher, Tropical Cyclones, 
loc. cit, 

211 Ward, R. DeC., Tornadoes in the United States, Qmrt. Jour. Boyal Meteorol. 
Soc., Vol. 43, July, 1917. Abridged in Nature (London), Vol. 101, pp. 395-399, re- 
printed in Smithsonian Annual Report 1918, pp. 189-145, 1920. 
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as in the United States®^^ and are rather common in western Africa.^^® 
Typical tornadoes occur ocoasdonaUy in Euro-p©,^^^ in Fiji^^® and in 
the Dutch East Indies,®^® India, China and J apan, and similar storms 
in South America. Water spouts are tornadoes .at sea. 
Thttitdeestoems. 

87. Thunderstorms yield most of the rainfcdl of warm regions 
and cause sharp temporary changes of wind and temperature. The 
associated equalls, lightning 'and hail oecaaionally are locally desr 
tnictive. Thunderstorms are caused by .the sudden rise of a large mass 
of relatively warm moist air, and hence are most frequent when con- 
vectional overturning is greatest, which is during the summer, (except 
on Ihe sea in high latitudes^ where they are most frequent in winter, 
(See Law 40 for reasons). Diumally, thunderstorms are most fre- 
quent in the late afternoon or early morning (See Law 76.) Region- 
ally, they are most numerous in the humid parts of the tropics where 
several occur each week during the rainy season. They are rare, but 
not unknown, in polar regions and rare in the deserts .and hence in the 
tradewind belt on the ocean. In the United States they are most fre- 
quent in the humid southeast and least frequent along the Pacific coast, 
where, because of unfavorable temperature conditions, little of the rain- 
fall occurs in summer, the season of strong vertical convection. (See 
Law 7Z).^^ 

In middle latitudes, most thunderstorms are associated with lows 
and in the tropics many of them with weak cyclonic depressions. Most 
well-developed tropical cyclones are accompanied by sievere thunder- 
storms. 

Light. 

88. The quality and intensity of sunlight varies from place to place 
and from time to time. The ligjht is most intense where it passes 
through least atmosphere, where there are fewest atmospheric particles 
to reftect or absorb it, .and where the eiajrth^s surface is a good reflector. 
Hence it is most intense on .the snow fields on tropical mountains, above 

212 Hunt, H. A., Director of Commonwealtli Bureau of Meteorology, oral commu- 
nication. See also Visher, S. S., AustraKan Hurricanes and Related Storms, Ofdcial 
Yearbook of Australia, No. 17, pp. 80-84, 1923. 

2i»Newnhain, E. V., Storm Squalls and Tornadoes of West Africa, pp. 257-26S 
Geophysical memoir No. 19, 1922- 

214 Espy, jr. P., Philosophy of Storms, ikl, Lempfert, R. Gc. K Meteorology, pp. 
174-176, 1920. 

2i« Personal experience. 

2i« Braak, C., The Climate of the Netherlands Indies, Yol, 1, pt. 2, pp. 44-45, 1922. 

21 T Humphreys, W. J., Physics of the Air, 324-331, 1920. 
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the clouds, wlien. the suu is overhead, and least intense in high lati- 
tudes in winter .where the atmosphere is filled with haze and when 
there is no snow. Because atmospheric moisture is an excellent ab- 
sorber of radiant energy, the sunli^t is relatively intense in arid re- 
gions, and more intense than normal whenever anticydones bring dry 
air to normally humid regions. ‘ Accompanying the variations in in- 
tensity aire variations in the proportion of ultra-violet rays, which are 
much more abundant in tropical regions than in* high latitudes. This 
fact may inteocferc with ^^the conquest of the tropics by white man/^^^® 

Sensible Tbmpebatttee 

89. The temperature oftero feels warmer or colder than the ther- 
mometer indicates. Sunshine and calm feel notably warmer than shade 
and wind, and dry air feels warmer than moist air below about 50° P., 
(10° 0.) but above about 56° F. moist air feels the warmer. When 
wairm, dry air feels cooler than moist air because it induces more evap- 
oration from the skin, and evaporation is a cooling procesisi. The wind 
is important in increasing ‘evaporation but especially in replacing the 
warm air in contact with the skin with cooler air. At low temperatures, 
moist air feels cooler than dry air, partly because it is a better conduc- 
tor of heait, but chiefly because of the evaporation on the skin of the 
tiny droplets of moisture or spicules of ice suspended in moist air when 
cold. 

Foehns. 

90. Many mornitain ^alleys md leeward slopes ha/oe a peculiar dir, 
mate iecause of local hot winds, ^^foehns?’ or ^^chinooks.” Temperatures 
and sunshine average abnormally high in such areas and humidity and 
precipitation exceptionally low. Foehns occur in nearly all mountain- 
ous regions but especially where and when large quantities of moisture 
have been precipitated on the windward slopes by strong winds. Con- 
densation raises the temperature of the air, and if the wind velocity is 
strong, the excess heat is not all lost by radiation in crossing the moun- 
tains; while descending, compression increases the temperature still 
further, often resulting in a very dry wind. Foehns, called chinooks, 
are often prominent in the Western United State®, raising the tem- 
perature several degirees in a feiw minute® <and evaporating a foot or 
more of snow in a few hours.®^® 

218 Woodruff, Maj. C. E., The Effect of Tropical Light on White Men. 

219 Ward, B. DeC., Hot Waves and Chinoohs in the United States, ficimtille 
Monthly, Vol. XVII, pp. 160-167, 1923, and Burrows, A. T., The Chinook Winds, 
Jow* of Geog,, Vol. 2, pp. 124-136, J90^ 
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In Switzerland, wHere tihe name ."foelm” was first used, they are 
often so dry, strong, and Lot that the danger of conflagrations are 
greatly increased, and special precautions are takeai,*®® 

Foehns occasionally occur far from mountains and produce great 
temporary aridity.®®’’ 

220 Salisbury, Barrows and Tower, Elements of Geography, p. 138, 1912. 

221 Brooks, C. F., A hiU-top foehn, Ka. Weather B&o,, Vol. 47, p. 567, 1919'. 
McAdie, A. (A Cloud Atlas, p. 52, 1923), reports that the relative humidity on 
Blue Hill, Mass., was only 1.4% on April 8, 1917. 
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